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PREFACE. 



The reissue of the contents of the present volume is made 
by Sir William Thomson, Dr. J. P. Joule, Prof. J. Clerk 
Maxwell, and Prof. Fleeming Jenkin, in consequence of 
the demand for the several Reports, which cannot now be 
obtained in their original form. As the centimetre is now 
frequently used instead of the metre as the fundamental 
unit of length, it has been introduced into the Reports, not 
to the exclusion of the metre, but along with the metre, 
all results being expressed in terms of both measures. 



BEPOETS 



OF THE 



COMMITTEE 



ON 



STANDARDS OF ELECTRICAL RESISTANCE. 



FIRST BEPOET— CAMBRIDGE, OCTOBER 3, 1862. 

Membebs op the Committeb : — Professor A. Williamson, F.R.S., Professor C, 
Wheatstone, P.R.S., Professor W. Thomson, E.R.8., Professor W. H. 
Miller, F.R.S., Dr. A. Matthiessen, F.R.8., Mr. F. Jenkin. 

The Committee regret that they are unable this year to submit a final Report 
to the Association, but they hope that the inherent difficulty and importance 
of the subject they have to deal with will sufficiently account for the delay. 

The Committee considered that two distinct questions were before them, 
admitting of entirely independent solutions. They had first to determine 
what would be the most convenient unit of resistance, and second what 
would be the best form and material for the standard representing that unit. 
The meaning of this distinction will be apparent when it is observed that, if 
the first point were decided by a resolution ;n favour of a unit based on 
Professor Weber's or Sir Charles Bright and Mr. Latimer Clark's system, this 
decision would not a£fect the question of construction ; while, on the other 
hand, if the second question were decided in favour of any particular arrange- 
ment of mercury or gold wire as the best form of standard, this choice woidd 
not affect the question of what the absolute magnitude of Ihe unit was to be* 

The Committee have arrived at a provisional conclusion as to the first ques- 
tion ; and the arguments by which they have been guided in coming to this 
decision will form the chief subject of Uie present Report. 

They have formed no opinion as to the second question, viz. the best form 
and material for the standard. 

In determining what would be the most convenient unit for all purposes, 
both practical and purely scientific, the Committee were of opinion that the 
unit chosen should combine, as far as was possible, the five following qualities. 

1. The magnitude of the unit should be such as would lend itself to the 
more usual electrical measurements, without requiring the use of extravagantly 
high numbers of cyphers or of a long series of decimals. 

2. The unit should bear a definite relation to units which may be adopted 
for the measurement of electrical quantity, currents, and electromotive force, 
or, in other words, it should form part of a complete system for electrical 
measurements. 



3. The unit of resiBtance, in common with the other units of the system, 
should, so far as is possible, bear a definite relation to the unit of work, the 
great connecting link between all physical measurements. 

4. The unit should be perfectly definite, and should not be liable to require 
correction or alteration from time to time. 

5. The unit should be reproducible with exactitude, in order that, if the 
original standard were injured, it might be replaced, and also in order that 
observers who may be unable to obtain copies of the standard mey be able to 
manufacture them without serious error. 

The Committee were also of opinion that the unit should be based on the 
French metrical system, rather than on that now used in this country. 

Fortunately no very long use can be pleaded in favour of any of the units 
of electrical resistance hitherto proposed, and the Committee were therefore 
"at liberty to judge of each proposal by its inherent merits only ; and they 
believe that, by the plan which they propose for adoption, a unit will be 
obtained combining to a great extent the five qualities enumerated as desi- 
rable, although they cannot yet say with certainty how far the fourth quality, 
that of absolute permanency, can be ensured. 

The question of the most convenient magnitude was decided by reference 
to those units which have already found some acceptance. These, omitting 

for the moment Weber's ▼, were found to range between one foot of 

second 

copper wire weighing one hundred grains (a unit proposed by Professor 

"Wheatstone in 1843) and one mile of copper wire of -Ar inch diameter, 

and weighing consequently about 84ji grains per foot. The smaller units 

had generally been used by purely scientific observers, and the larger by 

engineers or practical electricians. 

Intermediate between the two lay Dr. Werner Siemens's mercury unit, and 

the unit adopted by Professor W. Thomson as approximately equal to one 

foot 
himdred millions of absolute r-* The former is approximately equal ^o 

371 feet, and the latter to 1217 feet, of pure copper wire ^ inch diameter 
at 15° C. Both of these units have been adopted in scientific experimente 
and in practical tests ; and it was thought that the absolute magnitude of 
the unit to be adopted sbould not differ widely from these resistances. 

The importance of the second quality required in the unit, that of forming 
part of a coherent system of electrical measurements, is felt not only by 
purely scientific investigators, but also by practical electricians, and was 
indeed ably pointed out in a paper read before this Association in Manchester 
by Sir Charles Bright and Mr. Latimer Clark. 

The Committee has thus found itself in the position of determining not 
only the unit oi resistance, but also the units of current, quantity, and electro- 
motive force. The natural relation between these units are, clearly, that a 
unit electromotive force maintained between two points of a conductor sepa- 
rated by the unit of resistance shall produce the unit current, and that this 
current shall in the unit of time convey the unit quantity of electricity. 

The first relation is a direct consequence of Ohm's law ; and the second was 
independently chosen by Weber and by the two electricians above named. 

Two only of the above units can be arbitrarily chosen ; when these are 
fixed, the others follow from the relations just stated. 

Sir Charles Bright and Mr. Latimer Clark propose the electromotive force of 
a Daniell's cell as one unit, and choose a unit of quantity depending on this 
electromotive force. Their resistance-unit, although possessing what we 



have called the second requisite quality, and superior consequently to many 
that have been proposed, does not in any way possess the third quality of 
1>earing with its co-units a definite relation to the unit of work, and has 
therefore been considered inferior to the equally coherent system proposed by 
"Weber many years since, but imtil lately comparatively little known in 
this country. 

Professor Weber chose arbitrarily the unit of current and the unit of 
electromotive force, each depending solely on the units of mass, time, and 
length, and consequently independent of the physical properties of any arbi- 
trary material. 

Professor W. Thomson has subsequently pointed out that this system 
possesses what we have called the third necessary quality, since, when defined 
in this measure, the unit current of electricity, in passing through a conductor 
of unit resistance, does a unit of work or its equivalent in a unit of time*. 

The entire connexion between the various units of measurement in this 
system may be summed up as follows. 

A battery or rheomotor of unit electromotive force will generate a current 
of unit strength in a circuit of unit resistance, and in the unit of time will 
convey a unit quantity of electricity through this circidt, and do a unit of 
work or its equivalent. 

An infinite number of systems might fulfil the above conditions, which 
leave tie absolute magnitude of the units undetermined. 

Weber has proposed to fix the series in various ways, of which two only 
need be mentioned here — first by reference to the force exerted by the cur- 
rent on the pole of a magnet, and secondly by the attraction which equal quan- 
tities of electricity exert on one another when placed at the unit distance. 

In the first or electro-magnetic system, the unit current is that of which the 
unit length at a imit distance exerts a unit of force on the unit magnetic 
pole, the definition of which is dependent on the imits of mass, time, and 
length alone. In the second or electro-static system, the -series of units is 
fixed by the unit of quantity, which Weber defines as that quantity which 
attracts another equal quantity at the unit distance with the unit force. 

Starting from these two distinct definitions, Weber,, by the relations 
defined above, has framed two distinct systems of electrical measurement, 
and has determined the ratio between the units of the two systems — a matter 
of great importance in many researches ; but the electro-magnetic system is 
more convenient than the other for dynamic measurements, in which currents, 
resistances, &c. are chiefly determined from observations conducted with the 
aid of magnets. 

As an niustration of this convenience, we may mention that the common 
tangent galvanometer aflPords a ready means of determining the value in 
electro-magnetic units of any current y in function of the horizontal com- 
ponent of the earth's magnetism H, the radius of the coil R, its length L, and 
the deflection I, 

y=tangd— =-. 
JLi 

In this Report, wherever Professor Weber's, or Thomson's, or the absolute 
system is spoken of, the electro- magnetic system only is to be understood as 
referred to. The immense value of a coherent system, such as is here de- 
scribed, can only be appreciated by those who seek after quantitative as 

* Vide "Application of Electrical Effect to the Measurement of EleotromotiYe Forcei** 
Phil. Mag. 1851. 
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dbtmgmshed from merely qualitative results. The following elementary 
examples will iUustrate the practical application of the system. 

It is well known that the passage of a current through a metal conductor 
heats that conductor ; and if we wish to know how much a given conductor 
will be heated by a given current in a ^ven time, we have only to multiply 
the time into the resistance and the square of the current, and divide the 
product by the mechanical equivalent of the thermal unit. The quotient 
will express the quantity of heat developed, from which the rise of tempera- 
ture can be determined with a knowledge of the mass and specific heat of the 
conductor. 

Again, let it be required to find how much zinc must be consumed in a 
Daniell's cell or battery to maintain a given current through a given resist- 
ance. The heat developed by the consumption of a unit of zinc in a Daniell's 
battery has been determined by Br. Joule, as also the mechanical equivalent 
of that heat ; and we have only to multiply the square of the current into the 
resistance, and divide by the mechanicid equivalent of that heat, to obtain 
the quantity of zinc consumed per unit of time. 

Again, do we wish to calculate the power which must be used to generate 
by a magneto-electric machine a given current of (say) the strength known to 
be required for a given electric light ? 

Let the resistance of the circuit be determined, and the power required wiU 
be simply obtained by multiplying the resistance into the square of the current. 

Again, the formula for deducing the quantity of electricity contained in the 
charge of a Leyden jar or submarine cable from the throw of a galvanometer- 
needle depends on the relation between the unit expressing the strength of 
current, the unit of force, and the unit magnet-pole. When these are expressed 
in the above system, the quantity in electro-magnetic measure is immediately 
obtained from the ballistic formula. In estimating the value of the various 
insulators proposed for submarine cables, this measure is of at least equal 
importance with the measure of the resistance of the conductor and of the 
insulating sheath ; and the unit in which it is to be expressed would be at 
once settled by the adoption of the general system described. 

These five very simple examples of the use of Weber's and Thomson's 

system might be multiplied without end ; but it is hoped that they will suffice 

^ to give some idea of the range and importance of the relations on which it 

depends to those who may hitherto not have had their attention directed to 

the dynamical theory. 

No doubt, if every unit were arbitrarily chosen, the relations would still 
e:p8t in nature, and by a liberal use of coefficients experimentally determined 
the answer to all the problems depending on these relations might still be 
calculated ; but the number of these coefficients and the complication result- 
ing from their use would render such an arbitrary choice inexcusable. 

A large number of units of resistance have from time to time been proposed, 
founded simply on some arbitrary length and section or weight of some given 
material more or less suited for the purpose ; but none of these units in any 
way possessed what we have called the second and third requisite qualities, 
and could only have been accepted if the unit of resistance had been entirely 
isolated from all other measurements. We have already shown how far this 
is from being the case ; and the Committee consider that, however suitable 
mercury or any other material may be for the construction o^, reproduction of 
a standard, this furnishes no reason for adopting a foot or a metre length of 
some arbitrary section or weight of that material. 

Nevertheless it was apparent that, although a foot of copper or a metre of 



mercury might not be very scientific standards, they produced a perfectly 
definite idea in the minds of even ignorant men, and might possibly, tnth 
certain precautions, be both permanent and reproducible, whereas Weber's 
unit has no material existence, but is rather an abstraction than an entity. 
In other words, a metre of mercury or some other arbitrary material might 
possess what we have called the first, fourth, and fifth requisite qualities, to a 
high degree, although entirely wanting in the second and third. Weber's 
system, on the contrary, is found to fiilfil the second and third conditions, but 
is defective in the fourth and fifth ; for if the absolute or Weber's unit were 
adopted wiihotU qualifieaiiony the material standard by which a decimal 
multiple of convenient magnitude might be practically represented would 
require continual correction as successive determinations made with more and 
more skUl determined the real value of the absolute unit with greater and 
greater accuracy. Few defects could be more prejudicial than this continual 
shifting of the standard. This objection would not be avoided even by a de- 
termination made with greater accuracy than is expected at present, and was 
considered fatal to the tmqttdlified adoption of the absolute unit as the stan- 
dard of resistance. ' 

It then became matter for consideration whether the advantages of the 
arbitrary material standard and those of the absolute system could not be 
eombined ; and the following proposal was made and adopted as the most 
likely to meet every requirement. It was proposed that a material standard 
should be prepared in such form and materisds ^as should ensure the most 
absolute permanency; that this standard should approximate as nearly 

metre -, m 
as possible, in the present state of science, to ten millions of - — t-j^» "^^ 

that, instead of being called by that name, it should be known simply as the 

unit of 1862, or should receive some other simpler name, such as that proposed 

by Sir Charles Bright and Mr. Latimer Clark in the paper above referred 

to ; that from time to time, as the advance of science renders this possible, 

the difference between this unit of 1862 and the true ten miUions of 

mfitre 

r- should be ascertained with increased accuracy, in order that the 

seconds 

error, resulting from the use of the 1862 unit in dynamical calculations in- 
stead of the true absolute unit, may be corrected by those who require these 
corrections, but that the material standard itself shfdl under no circumstances 
be altered in substance or definition. 

By this plan the first condition is fulfilled ; for the absolute magnitude of 
this standard will differ by only 2 or 3 per cent, from Dr. Siemens's mercury 
standard. 

The second and third conditions wiU be fulfilled with such accuracy as 
science at any time will allow. 

The fourth condition, of permanency, will be ensured so far as our know- 
ledge of the electrical qualities of matter wiU permit ; and even the fifth 
condition, referring to the reproduction, is rendered comparatively easy of 
accomplishment. 

There are two reasons for desiring that a standard should be reproducible : 
first, in order that if the original be lost or destroyed it may be replaced ; 
second, in order that men unable to obtain copies of the true standard may 
approximately produce standards of their own. It is indeed hoped that accu- 
rate copies of the proposed material standard will soon be everywhere obtain- 
able, and that a man wiU no more think of producing his own standard than 
of deducing his foot-rule from a pendulum, or his metre from an arc of thft 
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meridian ; and it will be one of the daties of the Committee to facilitate the 
obtauiing of sach copies, which can be made with a thousandfold greater 
accuracy than could be ensured by any of the methods of reproduction hitherto 
proposed. 

It is also hoped that no reproduction of the original standard may ever be 
necessary. Nevertheless great stress has been lately laid upon this quality, 
and two methods of reproduction have been described by Dr. Werner Siemens 
and Dr. Matthiessen respectively ; the former uses mercury, and the latter 
an alloy of gold and silver, for the purpose. Both methods seem susceptible of 
considerable accuracy. The Committee has not yet decided which of the two 
is preferable ; but their merits have been discussed, from a chemical point of 
view, in the appended Report C, by Prof. Williamson and Dr. Matthiessen. 
An interesting letter from Dr. Siemens on the sadie point will also be found 
in the Appendix E. This gentleman there advocates the use of a metre of 
mercury of one square millimetre section at 0° C. as the resistance-unit ; but 
his arguments seem really to bear only on the use of mercury in constructing 
and reproducing the standard, and would apply as well to any length and 
section as to those which he has chosen. 

When the material 1862 standard has once been made, whether of platinum, 
gold and alloy, or mercury, or otherwise, the exact dimensions of a column of 
mercury, or of a wire of gold-silver alloy, corresponding to that standard can 
be ascertained, published, and used where absolutely necessary for the pur- 
pose of reproduction. 

It should at the same time be well understood that, whether this reproduc- 
tion does or does not agree with the original standard, the unit is to be that 
one original material permanent standard, and no other whatever, and also 
that a certified copy must always be infinitely preferable to any reproduction. 

The reproduction by means of a fresh determination of the absolute unit 
would never be attempted, inasmuch as it would be costly, difficult, and 
uncertain ; but, as already mentioned, the difference between new absolute 
determinations and the material standard should from time to time be ob* 
served and published. 

The question whether the material standard should aim at an approxima- 

tion to the or was much debated. In favour of the latter it 

second second 

was argued that, so long as in England feet and grains were in general use, 

., metre 

the , would be anomalous, and would entail complicated reductions in 

dynamical calculations. In favour of the —^ it was argued that, when 

new standards were to be established, those should be chosen which might 
be generally adopted, and that the metre is gaining universal acceptance. 
Moreover the close accordance between Dr. Siemens's unit and the decimal 

multiple of the % weighed in favour of this unit ; so that the question 

was decided in favour of the metrical system. 

In order to carry out the above views, two points of essential importance 

had to be determined. First, the degree of accuracy with which the mate- 

metro 
rial standard could at present be made to correspond with the ^ ; and 

second, the degree of permanency which could be ensured in the material 
standard when made. 



The Committee is, unfortuoately, not able yet to form any definite opinion 
upon either of these points. 

Eesistance-coils, prepared by Professor W. Thomson, have been sent to 
Professor Weber ; and he has, with great kindness, determined their resistance 
in electro-magnetic units as accurately as he could. It is probable that his 
determinations are very accurate ; nevertheless the Committee did not feel 
that they would be justified in issuing standards based on these determina- 
tions alone. In a matter of this importance, the results of no one man could 
be accepted without a check. Professor Weber had made some similar deter- 
minations with less care some years since, but he has unfortunately not pub- 
lished the difference, if any, between the results of the two determinations. 
Indirect comparisons between the two determinations show a great discre- 
pancy, amounting perhaps to 7 per cent. ; but it is only fair to say that this 
error may have been due to some error in other steps of the comparison, and 
not to Professor Weber's determination. Meanwhile it was hoped that a 
check on Weber's last result would by this time have been obtained by an 
independent method due to Professor Thomson. Unfortunately, that gentle- 
man and Mr. Fleeming Jenkin, who was requested to assist him, have hitherto 
been unable to complete their experiments, owing chiefly to their occupation 
as jurors at the International Exhibition. The apparatus is, however, now 
nearly complete, and it is hoped will before Christmas give the required de- 
terminations. 

If Professor Weber's results accord within one per cent, with these new 
determinations, it is proposed that provisional standards shall be made of 
German-silver wire in the usual way, and that they should be at once issued 
to all interested in the subject, without waiting for the construction of the 
final material standard. 

The construction of this standard may possibly be delayed for some con- 
Biderable time by the laborious experiments which remain to be made on the 
absolute permanency of various forms and materials. An opinion is very 
prevalent that the electrical resistances of wires of some, if not all, metals are 
far from permanent ; and since these resistances are well known to vary as 
the wires are more or less annealed, it is quite conceivable that even the 
ordinary changes of temperature, or the passage of the electric current, may 
cause such alterations in the molecular condition of the wire as would alter 
its resistance. This point is treated at some length in the two Eeports 
B and C, appended, by Professor Williamson and Dr. Matthiessen. The ex- 
periments hitherto made have not extended over a sufficient time to establish 
any very positive results; but, so far as can be judged at present, some, 
though not all wires do appear to vary in conducting power. 

Mercury would be free from the objection that its molecular condition 
might change ; but, on the other hand, it appears from Report C that the 
mercury itself would require to be continually changed, and that consequently, 
even if the tube containing it remained unaltered (a condition which could 
not be absolutely ensured), the standards measured at various times would not 
reaUy be the same standard. A possibility at least of error would thus occur 
at each determination, and certainly no two successive determinations would 
absolutely agree. If, therefore, wires can be found which are permanent, 
they would be preferred to mercury, although, as already said, no conclusion 
has been come to on this point. 

Some further explanation will now be given of the resolutions passed from 
time to time by the Committee, and appended to this Report. 

Dr. Matthiessen was requested to make experiments with the view of 
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determining an alloy with a minimum variation of resistance dne to change 
of temperature. The object of this research was to find an alloy of which 
resistance-coils could be made requiring little or no correction for tempera- 
tore during a series of observations. A preliminary Report on this subject 
is appended (A), in which the curious results of Dr. Matthiessen'i^ experi- 
ments on aUoys are alluded to, and, in particular, the following fact con- 
nected with the resistance of alloys of two metals is pointed out. 

Let us conceive two wires of the two pure metals of equal leng^, and 
oontainiDg respectively the relative weights of those two metals to be used in 
the alloy. Let us further conceive these two wires connected side by side, 
or, as we might say, in multiple arc. Then let the difference be observed 
in the resistance of this multiple arc when at zero and 100° Cent. This 
difference will be found almost exactly equal in all cases to the difference 
which will be observed in the resistance of a wire drawn from the alloy 
formed of those two metal wires at zero and 100°, although the actual re- 
sbtance at both temperatures will in most cases be very much greater than 
that of the hypothetical multiple arc. 

In order to obtain a minimum percentage of variation with a change of 
temperature, it was consequently only necessary to make experiments on 
those alloys which offer a very high resistance as compared with the mean 
resistance of their components. The results of a few experiments are given 
in the Beport, but these are only the first of a long series to be undertaken* 
Hitherto an alloy of platinum and silver is the only one of which the conduct- 
ing power and variation with temperature are less than that of German sUver. 

Professor W. Thomson and Dr. Matthiessen were requested to examine the 
electrical permanency of metals and alloys. A preliminary Eeport on the 
subject by Dr. Matthiessen is appended (E), in which he «how8 that, after 
four months, one copper and two silver hard-drawn wires have altered, be- 
coming more like annealed wires, but that no decided change has yet been 
detected in the great majority of the wires. 

Several eminent practical electricians were requested to advise the Com- 
mittee as to the form of coil they considered most suitable for a material 
standard, and also to furnish a sample coil such as they could recommend. 
Sir Charles Bright informed the Committee that he was ready to comply with 
the request. The point is one of considerable importance, respecting which 
it was thought that practical men might give much valuable information. 
Coils of wire may be injured by damp, acids, oxidation, stretching and other 
mechanical alterations. They may be defective from imperfect or uncertain 
insulation ; and they may be inconveniently arranged, so that they do not 
readily take the temperature of the surrounding medium, or cannot be safely im- 
mersed in water or oil baths, as is frequently desirable. No definite conclusion 
as to the form of coil to be recommended, even for copies, has been arrived at. 

It was resolved " That the following gentlemen should be informed of the 
appointment of the present Committee, and should be requested to l^irmsh 
suggestions in furtherance of its object :" — 



Professor Edlund (Upsala). 
Professor T. Fechner (Leipzig). 
Dr. Henry (Washington). 
Professor Jacobi (St. Petersburg). 
Professor G. Kirchhoff (Heidelberg). 
Professor G. Matteucci (Turin). 



Professor Neumann (Konigsberg). 
Professor J. C. Poggendorff (Berlin). 
M. PouiUet (Paris). 
Werner Siemens, Ph.D. (Berlin). 
Professor W. E. Weber (Gottingen). 



A letter, appended to this Beport, was consequently addressed to each of 
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these gentlemen. Answers have been received from Professor Kirchhoff and 
Dr. Siemens, which will be found in the Appendix. The resolution arrived 
at by the Committee to construct a material standard will entirely meet 
Professor Kirchhoff's views. The Committee have been unable entirely to 
adopt Br. Siemens's suggestions ; but his statements as to the accuracy with 
which a standard can be reproduced and preserved by mercury will form the 
subject of farther special investigation, and the Committee will be most happy 
to take advantage of his kind offers of assistance. 

A letter was also received from Sir Charles Bright, containing an ingenious 
method of maintaining a constant tension or difference of potentials. This 
point will probably come before the Committee at a later period, when Sir 
Charles Bright's suggestion will not be lost sight of. 

The Committee also received, on the 29th ultimo, after the present Beport 

had been drawn up, a letter from Dr. Esselbach, a well-known electrician, 

who had charge of the electrical tests of the Malta and Alexandria Cable 

during its submergence. In this letter Dr. Esselbach arrives at substantially 

the same conclusions as those recommended by the Committee. Thus, his 

first conclusion is *' to adopt Weber's absolute unit substantially, and to derive 

from it, by the multiple 10", the practical unit." This practical unit is 

precisely that recommended by your Committee. Dr. Esselbach uses the 

millimetre * >^ • 

multiple 10", starting from the j-, where your Committee recommend 

metre 
the multiple 10% starting from the ^ : the result is the same. 

Dr. Esselbach's next conclusion is also of great practical value. He points 
out that the electro-magnetic unit of electromotive force, also multiplied by 
10", differs extremely little from that of the common Darnell's cell, and that, 
without doubt, by proper care such a cell could be constructed as would form 
a practical unit of electromotive force. This suggestion has the approval of 
the Committee. Dr. Esselbach next points out that the unit .of resistance 
which he proposes differs very little from Dr. Siemens's mercury unit, which 
he, like your Committee, considers a great advantage ; and the difference is, 
indeed, less than he supposes. He also proposes to use Weber's absolute unit 
for the unit of current — a suggestion entirely in accordance with the fore- 
going Beport ; and he further points out that this current will be of con- 
venient magnitude for practical purposes. He next approves of the sugges- 
tions of Sir Charles Bright and Mr. Latimer Clark with reference to nomen- 
clature and terminology. In the body of the Beport he gives some valuable 
data with reference to the unit of quantity, which he defines in the same 
manner as your Committee. This result will be analyzed in the Beport which 
Professor W. Thomson and Mr. Fleeming Jenkin will make on the fresh de- 
termination of the absolute unit of resistance. 

The Committee attach high importance to this communication, showing 
as it does that a practical electrician had arrived at many of the very same 
conclusions as the Committee, quite independeutly and without consultation 
with any of its members. Dr. Esselbach has omitted to point out, what he 
no doubt was well aware of, tbat, if, as he suggests, two equal multiples of 
the absolute units of resistance and electromotive force are adopted, the 
practical unit of electromotive force, or Darnell's cell, will, in a circuit of 
the practical unit of resistance, produce the unit current. 

Mr. Fleeming Jenkin was requested to furmsh an historical summary of 
the various standards of resistance, but he has been unable to complete his 
Beport in time for the present meeting. 
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Professor Williamson and Dr. Matihiessen were requested to put together 
the fiusts regarding the composition of the various materials hitherto used for 
standards of resistance, and the physical changes they were likely to undergo. 
Wires of pure solid metals, columns of mercury, and wires of alloys have 
been used for the purpose. The Beport of the above gentlemen is appended 
(C). In it they arrive at the following conclusions :-r- 

Eirstly, with reference to pure metals in a solid state, they consider that 
the preparation of those metsJs in a state of sufficient purity to ensure a con- 
stant specific resistance is exceedingly difficult, as is proved by the great dis- 
crepancy in the relative conducting powers obtained by different observers. 
Electrotype copper is excepted from this remark. They also point out that 
the influence of annealing on the conducting powers of pure solid metals is 
very great, and would render their use for the purpose of reproducing a 
standard very objectionable, inasmuch as it is impossible to ensure that any 
two wires shall be equally hard or soft. They observe that errors of the 
same kind might be caused by unseen cavities in the wires, and give ex- 
amples of the actual occurrence of these cavities. They point out another 
objection to the use of pure solid metals as standards, in the fact that their 
resistance varies rapidly with a change of temperature, so that slight errors in a 
thermometer or its reading would materially affect the results of an experiment. 

Secondly, with reference to mercury, they show that it is comparatively 
easily purified, varies little in resistance with a change of temperature, and 
can undergo no change analogous to that caused by annealing, but that, on 
the other hand, measurements of its conducting-power by different observers 
vary much, that the tube used cannot be kept full of mercury for any length 
of time, as it would become impure by partial amalgamation with the ter- 
minals, and that consequently each time* a mercury standard is used it has, 
practically, to be remade. The accuracy with which different observers can 
reproduce mercury-standards has not been determinedr 

Thirdly, with reference to alloys, they say that there is better evidence of 
the independent and accurate reproduction of a standard by a gold-silver 
alloy of certain proportions than by pure solid metal or by mercury. They 
point out that annealing and changes of temperature have far less effect on 
alloys than on pure metals, and that consequently any want of homogeneity 
or any error in observing the temperature during an experiment is, with 
alloys, of little consequence, but that, on the other hand, the existence of 
cavities must be admitted as possible in all solid wires. They are of opinion 
that the permanence of jewellery affords strong ground for believing that a 
gold-silver alloy will be quite as permanent as any solid pure metal ; and in 
the course of the Report they point out some curious facts showing that a 
great change in the molecular condition of some pure metals and alloys may 
occur without any proportional change in their conducting powers. 

Finally, they recommend that practical experiments should be made inde- 
pendently by several gentlemen to determine whether mercury or the gold- 
silver alloy be really the better means of reproducing a standard. 

The main resolution arrived at by the Committee, viz. that a material 

standard shall be adopted which, at the temperature of 70° Cent., shall ap- 

metre 
proximate to 10'' -r-, as far as present data allow, has been already fully 

explained. It was not arrived at until after several meetings had been held, 
and the merits of the various proposals fully discussed. 

This resolution was passed (unanimously) at a meeting when five out of 
the six members of the Committee were present. 



11 

It was at the same time resolved that provisional copies should be distri^ 
buted at the present meeting. The circumstances have been already ex- 
plained which have prevented this resolution from being carried into effect. 

It was thought desirable that an apparatus should be designed which could 
be recommended by the Committee for use in copying and multiplying the 
units to be issued, since it is certain that some of the glaring discrepancies 
in coils intended to agree must have been due to defective modes of adjust- 
ment. Mr. Fleeming Jenkin has consequently designed an apparatus for the 
purpose, of which a description is appended. Messrs. EUiott Brothers have 
kindly constructed a couple of these instruments, which may be seen in 
action by members interested in this subject. 

The present Eeport was drawn up by Mr. Jenkin, and adopted at a meet- 
ing of the Committee on the 30th idtimo. 

Appendix to Eeport on Standards of Electrical ResiBtance, 

A. On the variation of the electrical resistance of alloys due to chauge of 
temperature, by Dr. Matthiessen, E.R.S. 

B. On the electrical permanency of metals and alloys, by Br. Matthiessen, 
F.B.S. 

C. On the reproduction of electrical standards by chemical means, by 
Professor Williamson, F.B.S., and Dr. Matthiessen, F.B.S. 

D. Professor Kirchhoff's letter. 

E. Dr. Siemen's letter. 

F. Dr. Esselbach's letter. 

G. Circular addressed to foreign men of science. 

H. Description of apparatus for copying and multiplying the units of re- 
sistance. 

Appskdix a. — On ike Variation of ike Eleetri6al Remtance of AUoys due to 
Change of Temperature, By Dr. Matthibssen, F.B,8, 

It has been shown* that the influence of temperature on the electric conduct- 
ing power of the metals ^mounts to 29*3 per cent, on their conducting power 
between 0° and 100° C. : an exception to this law has been found in iron f, the 
conducting power of which decreases between those limits 38*2 per cent. It 
was, therefore, useless to try any of the other pure metals, as they would, in all 
probability, have decreased by the same amount, as well as from the fact that 
the metals which would have suited the purpose had already been tried. I 
therefore turned my attention to the alloys, and, in conjunction with Dr. C. 
Vogt, have made a long series of experiments respecting the influence of 
temperature on their electric conducting power. After having determined 
the conducting power of a few of them at different temperatures, together 
with the help of the few experiments which have already been made by 
different observers, it became obvious that the percentage decrement in 
their conducting power stands in some relation to Ihe fact that, when a solid 
metal is alloyed with another (with the exception of lead, tin, zinc, and 
cadmium amongst each other), a lower conducting power is observed than the 
mean of that of the components J. The law which we found to regulate 
this property was with most alloys the following, viz. : — . ' 

* Pha. Trans. 1862, pt. 1. 
t Matthiessen and Vogt, unpublished researches. 

I Assuming that the conducting power or resistance of an alloy is equal to that of 
parallel wires of the components forming it. 
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' " The pereentage decrement between 0® and 100° in the conducting power of 
an alloy in a solid state stands in the same ratio to the mean percentage 
decrement of the components between (P and 100° as the conducting power of 
the alloy at 100° does to the mean conducting power of the components at 100^;" 
or, in other words, *' th4 absolute difference in the observed resistance between (P 
and 100^ of an alloy is equal to the absolute difference between the means of 
the resistance of the component metals between 0° and 100°." 

Por example, the conducting power of the hard-drawn gold-silver alloy 
was fonnd equal to 15*03 at 0° (taking silver equal 100 at 0°), and de- 
creases 6*49 per cent, between 0° and 100°. The mean decrement of the 
components between 0° and 100° being 29*3 per cent., the conducting power 
of the alloy is 14-05 at 100°, and that of the mean of the components is 62'58 
at 100°. If we now calculate the percentage decrement in the conducting 
power of the alloy between 0° and 100° from the above data, we find it equal 
to 6*58 per cent., and by experiments it was found equal to 6*49 per cent. 
Or, taking the resistance of silver at 0°==100, and that of gold at 0°= 128-3, 
we find the resistance of the alloy at 0^=665*3, and at 100°=711'7, and 
that calculated from a mean of the volumes of its components at 0°ss: 113-2, 
and at 100°= 159-8 ; therefore the absolute difference between the observed 
resistance at 0° and 100° is 46-4, and that between the calculated at 0° and 
100°= 46-8. 

Knowing already, from my experiments on the electric conducting, power 
of alloys*, that when two metals are alloyed together in any proportion, if the 
alloy is merely a solution of the two metals in one anoliier, its conducting 
power may be approximatively foretold, and that, from the above law, it is 
necessary that if the conducting power of an alloy should vary between the 
limits of 0° and 100° to a minimum extent, the alloy itself must have a 
minimum conducting power as compared with that calculated from its 
components, — I at once foresaw that it would be useless, as was afterwards 
proved by the research made in conjunction with Dr. Vogt, to make any 
experiments with the two metal-alloys, which may be looked upon as a 
solution of one metal in the other, as no practical alloy w-ould be found 
which would vary in its conducting power between 0° and 100° to a small 
extent. It must also be borne in mind that the alloy sought for must be a 
ductile one, capable of being drawn into wire, not too soft, as would 
easily be damaged by covering and winding, easily produced, and cheap in 
price. Bearing this in mind, we turned our attention to some three metal- 
alloys, thinking that we had some chance there of obtaining a good result ; 
for it is well known that the conducting power of German-silver wire varies 
in such a slight extent between 0° and 100°. 

It also appeared worth while to experiment with some of those alloys 
which may perhaps be considered chemical combinations, or to contain such, 
as, for instance, platinum and silver ; and, on account of their other physical 
properties, the platinum-iridium alloys were also experimented with. 

In the following Table I give the results obtained in conjunction with Dr. 
Yogt. The unit here taken for comparison is that of a Imrd-drawn silver 
wire at 0°. The normal wires were made of German silver, and in order 
to obtain their values in terms of hard-drawn silver, they were compared 
with the gold-silver alloy. In these experiments it was thought better 
first to use those pure metals which are easily obtained, so as to learn some- 
thing regarding the manner in which the three metal-alloyB behave, and 

» Pha. Trans. 1860, p. 161. 
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then try some alloys made of the dieaper commerdiEj metals. As will be seea 
by the Table, only the first part has been as yet carried out. 



Table. 

(With each series, the formnla dedaced from the observations for the correc- 
tion of the conducting power of the alloy for temperature is given, when X is 
equal to the conducting power at the temperature t C.) 

Length 532 mm. ; diameter 0*625 mm. 

Conducting power. 

T. Found. 

9-0 11-956 

53-5 11-674 

100-0 11-438 

X= 12-017 - 0-0069033*+ OOOOOllK'. 



Composition of alio j. Weight. 

(1) Gold 58-3 

Copper .... 26-5 

SHver 15-2 

Made from pure metals. 
Hard-drawn. 



This alloy was taken, as Ka:rmarsch states it is the hardest and most elastic 
of all the gold-silver-copper alloys. 



(2) Gk)ld 66-5 

SUver 18-1 

Copper .... 15-4 

Made of pure metals. 

Hard-drawn. 



Length 341-5 


mm.; 


diameter 0*618 mm. 




Conducting power. 


T. 




Found. 


10-95 




10-5637 


33-52 




10-4341 


55-15 




10-3130 


78-35 




10-1846 


97-52 




10-0852 



X = 10- 6220 - 0-0056248* + 0-0000009863<». 

This alloy was tried, as it corresponded to equal volumes of gold-copper 
and gold-silver, and these again correspond to an alloy possessing the lowest 
conductiDg power of any of those made of gold-copper or gold- silver. 



Length 764 mm. ; diameter 0-553 mm. 

Conducting power. 



T. 


Found. 


11-0 


45-591 


55-5 


40-333 


100-0 


37-560 



Composition of alloy. Weight. 

(3) Copper 78-3 

Silver 14-3 

Gold 7-4 

Made from pure metals. 
Hard-drawn. 



X=44-472— 0-081525«H- 0-0003240«^ 

This alloy was taken to see the effect such a combination would have. 

Length 244 mm. ; diameter 0*682 mm. 
(4) Platinum .. 66-6 
Iridium .... 33-4 
Commercial alloy. 
Hard-drawn. 

X = 4-541 - 0-0029307* + 0-000002724«». 

This alloy was tried, as it possesses very great elasticity and does not become 
softer on annealing. On account of these properties, as well as its permanency 





Conducting power. 


T. 


Found. 


12-0 


4*506 


56*0 


4-384 


100-0 


4-271 
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in air (not oxidizing on its sariBce), it woiild serve exceedingly well for 
making springs and contacts for elecbic and td^;raphic apparatus. 

Length 381'5 mm.; diameter 0*451 mm. 



(5) Silver 95-0 

Platinum 5*0 

Made from pure silver and 
commercially pure platinum. 
Hard-drawn. 



T. 

120 

560 

1000 



Conducting power. 
~ id. 



FOIUM 

31173 
29-550 

28-068 



X = 31-640 - 0-039363< + 0-00003642t^ 



This and the following two alloys were taken^ as they probably contain 
chemical combinations. 

Length 708 mm. ; diameter 0-26 mm. 



(6) Silver 90-2 

Platinum 9-8 T. 

The metals employed were the 9-0 

same as in No. 5. 54-5 

Hard-drawn. 100-0 

X=18-045— 0-0i3960«+0•00001183«^ 



Conducting power. 
Found. 

17-920 

17-319 

16-767 



(7) Silver 66*6 

Platinum 33-4 

Commercial alloy. 
Hard-drawn. 



Length 169 mm. ; diameter 0-408 mm. 

Conducting power. 
T. Found. 

8-270 6-6850 

54-00 6-5826 

99-90 6-4987 

X= 6-7032 -0-0022167f+0-000001394t». 

In the following Table I have given the results in such a manner that 
they may be easily compared. 

Table. 

Conducting power I I'eroenta^ Tariation in 
at 0°. conducting power be- 

tween 0° and 100°. 



Pure iron 

Other pure metals in a solid state 
Alloy 3 

6 

6 

Gold-silver* 

4 

2 

1 

German silverf 

7 



44-5 

31-6 

18-0 

15-0 

4-5 

10-6 

12-0 

7-8 

6-7 



38-2 

29-3 

15-5 

11-3 

7-1 

6-5 

5-9 

5-2 

4-8 

4-4 

3-1 



The method and apparatus employed for the above determinations, together 
with the precautions taken to ensure correct results, have already been 
described J. We have made only three observations between 0° and 100° 
♦ PhiL Mag. Feb. 1861. t PhiL Trans. 1862, pt 1. j ibid. 
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for it -was found that they gave almost exaotly the same formtdae for the 
correction of the conducting power for temperature as if we had taken seven 
or more observations between 0^ and 100°. Each of the above values for the 
conducting power, at those temperatures, is the mean of three or more 
observations. It was easy to obtain the desired temperatures as a mean of 
several observations, after very little practice. I have no doubt that, in the 
course of our experiments, we shall be able to find an alloy the conducting 
power of which will decrease between 0° and 100® even less than that of silver- 
platinum. The experiments are being continued, and I hope, before the next 
meeting of the Association, to be able to lay before you results which will 
throw more light on the subject, as well as to propose an alloy with a 
minimum variation in its conducting power due to change of temperature, 
which may be made commercially in a cheap manner of the common com- 
mercial metals, and possessing those properties which are essential that it 
should have. 

Appendix B. — On the Electrical Permanency of Metcds and JMoys. 

By Dr. Matthiessen, F.It^. 

Having, in conjunction with Prof. Thomson, been requested by your. Com- 
mittee to make some experiments on this subject, we thought it advisable for 
one of us to undertake some preliminary experiments in which aU possible 
disturbing causes were isolated. The chief of these axe :— oxidation by the 
oxygen of the air, as well as by acids produced by the oxidation of the oil 
or grease with which a wire is almost always covered when drawn, as the 
holes in the draw-plates are generally oiled or greased ; stretching during the 
process of covering and winding ; and after being wound on the bobbin, elon- 
gation by expansion or contraction, owing to variations of temperature, &c. 
These, 1 think, have been obviated in the following manner : — ^The wires were 
carefiilly wound round a glass tube in order to bring them into a smaller 
compass, and after taking them off, they were placed inside wide glass tubes, 
and soldered to two thick copper wires, these having been previously passed 
through corks which fitted into the ends of the glass tube ; through each of 
the corks a small glass tube passed, drawn out in the middle to enable it to be 
drawn off easily, and sealed hermetically by a lamp. The wire being soldered 
to the thick copper connectors, and the corks fitted into the tube, dry carbonic- 
acid gas was led through it for the space of about six hours, for ^e purpose 
of drying it perfectly, as well as of displacing the air contained in it ; after 
which the small glass tubes were melted off at the points, when they had 
been previously drawn out. Tin caps, filled with melted marine glue, were 
then fitted over the corks and the ends of the tube, to prevent di&sion of the 
carbonic acid and air through the corks. The whole of the tin caps outside, as 
well as those parts of the copper-wire connectors which dipped in water of 
the bath in which they were placed whilst being tested, were covered with a 
thick coating of marine glue. 

The wires experimented with were as follows : — 



1. Silver: hard-drawn 

2. Silver: annealed 



Cut from the same piece ; pure. 



3. Silver : hard-drawn 1 Cut from the same piece, but different 



4. Silver: annealed 

5. Copper: hard-drawn 

6. Copper: annealed. . . 



from 1 and 2 ; pure. 
Cut from the same piece ; pure. 
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7. Copper : hard-drawn 1 Cut from the same piece, but different 

8. Copper : annealed | from 5 and 6 ; pure. 

9. Gold : hard-drawn | f^^A xl«*^ xi,^ •••««> ^;^>*« . ■rv*..^ 

in n 1H • \oA ' nt)m the same piece ; pure. 

11. Gold : hard-drawn 1 Cut from the same piece, but different 

12. Gold : annealed J from 9 and 10 ; pure. 

13. Platinum : Jard-dniwn . . . . 1 Cut from the same piece ; commercial. 

14. Fiatiimm : hard-drawn .... J jr » 

15. Gold-silver alloy: hard-drawn 1 Cut from same piece. Made by Messrs. 

16. Gold-silver alloy: hard-drawn J Johnson and Matthews. 

ifT n •! 1 J r Cut from the same piece. No. 19 ar-^ 

17. German silver : annealed ^««^ «^*t, ^r.^S^ «««t»-*«+^,o ««^ 

18 German ailver • annealed i ranged with longer connectors, and 

10. uerman sUver. annealed . . . . ^ used as normal wire with whidi the 

rest were compared. 



19. German silver : annealed 



The reason why duplicates were made in each case was that, in case any of 
them should by any cause get damaged, the experiments might be continued 
with the duplicate. When being tested, they were placed in a large bath 
containing from 40 to 50 litres of water. By testing the wires at 20° it was 
found easy to keep that temperature in the bath, during the experiments, to 
(P'l or 0°-2. 

Up to the present time, that is to say, four months since they were first 
tested, the conducting power of the wires 1,3, and 5 has altered, owing to 
becoming, in all probability, partially annealed. Wire 8 has also altered 
materially, having decreased in conducting power 3*5 per cent. : this decre- 
ment may be possibly due to bad soldering. The differences found with the 
other wires are so very smaU, that it is impossible to say whether they have 
altered or not ; for 0°'l or 0°-2 will account for them. It was, therefore, 
thought better to wait for another two or four months before giving an 
opinion as to whether they alter or not ; for as the wires are in tubes and 
only surrounded by carbonic acid, we can never be absolutely sure that the 
wire has exactly the same temperature as the bath, more especially when it 
is considered that each time the connexion with the battery is made the 
wire becomes somewhat heated. 

If, two or four months hence, they still show no difference in their con- 
ducting powers', it is proposed to expose the one set to variations of tempera- 
ture such as may occur (for instance, from 0° to 40®), and then, should no 
change occur in their conducting powers, to lead a weak current through 
them, say, for a month ; for it has been asserted that a current passing 
through wire causes a permanent change in its conducting power. 

If, after these experiments the conducting power of the wires remains un- 
altered, the different forms of resistance-coils, made from those wires which 
have shown themselves permanent will then be tested in order to prove 
which is the best form of coil for the British- Association unit. 



AppE]<n>ix C. — On the Reproduction of Electrical Standards by Chemical Means. 
By Professor WrLUAMsoisr, FM.8., and Dr. MATTHiBSSEir, F.B.S. 

In the following Beport we have discussed, more especially from a chemical 
point of view, the relative merits of the different propositions which have 
been made to reproduce standards of electric resistance, and have treated them 
under three heads : — 
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I. Those reproduced hy a given length and section or weight, at a given 

temperature, of a pure metal in a solid state, 
II. Those reproduced hy a given length and section or weight, at a given 
temperature, of a pure metal in a liquid state, 
III. Those reproduced by a given length and section or weigTU, at a given 
temperature, of an alloy. 

The points on which we shall speak will he : — 

1. On their pr^aration in a staie of purity, 

2. On their homogeneity and their molecular condition, 

3. On the effect of annealing on their conducting power, 

4. On the influence of temperature on their conducting power, 

I. Th4>se reproduced hy a given length and section or weight, at a given 
temperature, of a pure metal in a solid state. 

As type of this class we have chosen copper, for it has heen more exten- 
fively used as unit of electric resistance, both by scientific as well as by 
practical men, than any other metal or alloy ; but what we are about to say 
regarding copper will hold good in almost every case for all pure metals in a 
solid state. 

1. On its preparation in a state of purity. — As traces of foreign metals 
materially affect the conducting power of most pure metals, it is of the utmost 
importance that those used for the reproduction of units of electric resistance 
should be absolutely chemically pure. The difficulty in obtaining absolutely 
pure metals even by chemists is very great. Thus, for instance, Becquerel* 
found the conducting power of pure gold at 0° equal to 68*9, compared with 
that of pure silver at 0° equal to 100 ; whereas, under the same circumstance^ 
Matthiessen and Von Boset found it equal to 77*9, — showing a difference of 
about 12 per cent, in the values observed for the conducting power of gold, 
prepared pure by different chemists. This difference may be due to the silver 
not being pure, or to all of them being more or less pure. Now when we 
consider that these standards are required by electricians and other physicists 
who have little or no acquaintance with chemical manipulation, and that 
the cost of the preparation of absolutely pure metals by scientific chemists 
would be very expensive on account of the time and trouble they require, 
we think that this fact alone constitutes a very serious drawback to their use 
as a means for the reproduction of standards of electric resistance. From 
the experience which one of us has had on this subject, it is more than pro- 
bable that if pure metals be prepared by different chemists in the ordinary 
way of business, variations in their conducting power would be found equal 
to several per cent. Thus, copper supplied as pure by a well-known assayer 
had a conducting power equal to 92, whereas pure copper conducts at the 
same temperature 100 J. Again, the pure gold of the assayer conducts only 
65*5, whereas pure gold at the same temperature would have a conducting 
power equal to 73§. In order to show that the conducting power of com- 
mercial metals varies to a great extent, we give in the following Table (X.) 
the values found for that of the different coppers of commerce ; and it will be 
evident from it, that to take a given length and weight or section of a com- 
mercial metal as unit, as has often been done, is very wrong, and can only 
lead to great discrepancies between the results of different observers. 

♦ Ann. de Chim. efc de Phya. (1846) t. xvii. p. 242. t Phil. Tra&s. 1862, pt. 1, 

t Proceedings of the Eoyal Society, toI. xi. p. 126. J Phil. Trans. 1860, p. 176. 
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Table X.* 

(All the wires were annealed.) 

Conducting pbwer. 

Pure copper 100*0 at 15*6 

Lake Superior native, not fused 98*8 at 15*5 

Ditto, fused, as it comes in commerce .... 92*6 at 15*0 

Burra Burra 88-7 at 14-0 

Best selected 81-3 at 14-2 

Bright copper wire 72*2 at 15-7 

Tough copper 71-0 at 17-3 

Demidoff 59-3 at 12-7 

Eio Tinto 14*2 at 14-8 

Similar variations vnll he found with most other metals, and we shall give 
examples of these further on. 

2. On its homogeneity and its molecular condition, — It is well known that 
the wires of some metals require much more care in drawing than in others : 
thus, copper and silver, if not annealed often enough during the process of 
drawing, will often hecome quite brittle, and break off short when bent. 
Now, if the fracture be closely observed, it will be seen that the wire is hol- 
low ; in fact, wherever it is broken, cavities will b^ found, and sometimes of 
a millimetre or two in length ; so that such a wire may almost be regarded 
as a tube with a very fine bore. The reason of this is simply that in not an- 
nealing the wire often enough, the internal part of it becomes hard and brit- 
tle, whilst the outside remains annealed, from the heat evolved by its passage 
through the holes of the draw-plates ; after a time, however, the inside, being 
very brittle, wiU give way, wlulst the outside is still strong enough to bear 
the force used in drawing it through the draw-plates. These places in the 
wires are easily discovered on drawing the wire £ier ; for then at these points 
the wire slightly collapses, owing to the quicker elongation of the weak points 
by the force used in drawing. Silver and copper are the only metals which 
have been experimented with in this manner ; we are therefore unable to say 
whether it may occur with the other metals. However, although no such wires 
could be used for experiments, yet what has been shown possible to occur to 
such a marked extent when purposely trying to obtain such results, may occur 
to some slight extent, especially when great care is not used, and when the 
wires are drawn by different persons. This may explain why, with some metals 
and alloys of the same preparation, conducting powers are often obtained 
which vary several per cent. For instance, W. Thomson f found the conduct- 
ing power of several alloys of copper which he had had made and tested to 
alter considerably on being drawn finer ; some of them were faulty from the 
cause we have just mentioned, and, on their being drawn finer, these places 
showed themselves and were then cut away. 

It has also been shown $ that when copper wire is heated to 100^ for seve- 
ral days, a permanent alteration takes place in its conducting power : thus, 
with the first wire experimented on, it increased almost to the same extent 
as if it had been annealed. "With the second wire the increment was not 
nearly so large as with the first, and with the third it hardly altered at all. 
That this is not due to one or the other of the wires being faulty in the just- 
mentioned manner is proved, 

1st, By the close agreement in the conducting poWejrs. 

* Report of the €k)vemment Submarine Cable Committee, p. 335. 

t Proceedings of the Royal Society, vol. *i. p. 126. t l*bil. Trans. 1862, pt. 1. 
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2nd, ^y the dose agreement between the differences in the valiies fotind 

for the conducting powers of the hard-drawn and annealed wires. They 

were-^ 

1st wire - 2nd wire 3rd wire 

at 0^. at 0°. at (f. 

Hard-drawn . . .- - 99-5 100-0 100-3 

Annealed 101-8 102-1 102-2 

The values given for the hard-drawn wires are those which were observed 
before the wire was heated at all. 

3rd, That the same occurs with pressed wires ; thud,^ith bismtith it was 
found that the pieces of the same wire behaved differently; wire 1 showing, 
after 1 day's heating to 100°, an increment in the conducting power of 16 
per cent., whereas wire 2 increased, although a piece from the same length of 
wire, 9 per cent. 

Agedn, take the case of telluritim, and taking the conducting power of each 
baf at first equal to 100, we find that the conducting power of bar 1 had 
decreased after 13 days' heating to 4, where it then remained constant, that 
of bar 2 after 32 days became constant at 19, and that of bar 3 after 33 days 

ate. 

The cause of these marked changes in the conducting power must therefore 
be looked for in the molecular arrangement of the wires or bdirs employed* In 
the case of copper, they may be, and probably are, due to the partial annealing 
of the wires; for we find that wire 1, although the conducting power iticreased 
after having been kept at 100° for several days almost to the same extent bM 
if it had been annealed, yet, on annealing it, it only gained as follows (the 
results obtained with wired 2 and 3 are added) :-^ 

1st wire 2nd wire 3rd wire 

at 0<». at 0°. at 0°. 

Hard-araWA 99-5 100-0 100-3 

^Ss^^ToO^^^' ^^^'''^} ^^^'^ ^^^*® ^^^'^ 

After annealing !!!!!*.]!.. 101-8 102'1 102-2 

The above shows that, in all probability, the annealing plays here a part, 
but not the whole, in the change ; for otherwise why do the wires behave dif- 
ferently ? Hiis point will be fully discussed in another Keport which will be 
laid before your Committee, and in which it will be shown where the hard^ 
drawn wires become partially annealed, and annealed wires partially hard- 
drawn, by age. 

It is a curious fact that a change in the molecular arrangement of the 
particles of wire of some metals which may be considered homogeneous has 
very little effect on its electric conducting power. Thus pure cadmium*, 
which when cold is exceedingly ductile, becomes quite brittle and crystal- 
line at about 80°, and returns again to its ductile condition on cooling, shows 
no marked changed in its conducting power at that temperature ; in fact, it 
behaves as if no such change had taken place. Again, when iron wire is heated 
in a current of ammonia it becomes perfectly brittle and crystalline, without 
altering its conducting power to any marked extent. • - 

That a wire which changes its molecular condition in becolning crystalline 

does not necessarily materially alter in its conducting power, is an important 

as well as a very interesting point, and has also been proved^ in th© case 

of German silver, 

• Phil. Trana. 1862, pt. 1. ^ ;i . 

C2 
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3. Ondhs effect of annealing on (he conducting power. — When hard-drawn 
wires of Bilver, copper, gold, &c. are heated to redness and cooled slowly, 
they become much softer, and on testing their condacting powers they will 
be found to have increased thns : — 

Sil?er. Copper. Qald. According to 

Taking the hard-drawn 1 ^^^.^ ^^^.^ ^^^^^ 

wire as J 

The annealed will be . . 107-0 102-6 lOl-O Becquerd*. 

Ditto 109-0 102-3 102-0 { ^^^^^^'^^^^^ 

Ditto 110-0 106-0 — Siemens J. 

Now there is a certain difficulty in drawing a wire which is hard-drawn ; 
and if annealed wires be used for the reproduction of standards, the molecular 
condition, or perhaps the process of annealing, has an influence on the incre- 
ment of tibe conducting power. Thus, according to Siemens §, the difference 
in the conducting power between hard- drawn and annealed silver varies be- 
tween 12*6 and 8 per cent., and that of copper between 6 and —0*5 per cent. ; 
according to Matthiessen and Yon £ose||, that of silver varies between 10 
and 6 per cent., and that of copper between 2*6 and 2 per cent. 

Again, the annealed wires of pure metals are so soft that they would easily 
get damaged in covering them with silk or winding them on the bobbins, so 
that in using them the utmost care would have to be employed in order to 
prevent their getting injured. 

4. On the influence of temperature on the electric conducting power, — It has 
been shown that the conducting power of most pure metals decreases, 
between 0° and 100°, 29-3 per cent. : pure iron has been found to form an 
exception to this law, its conducting power decreasing between those tempera, 
tures 38-2 per cent. If pure metals be therefore used as standards, very 
accurate thermometers are necessary, as an error of 0-1° in comparing 
two standards would cause an error in the resistance of about 0*04 per cent. 
Now there is great difficulty in obtaining normal thermometers ; and we must 
bear in mind that supposing the zero-point of the thermometer is correct to- 
day, we are not at all justified in assuming that it will be so in six months 
time ; so that we ought to redetermine the zero-point of the thermometer be- 
fore using it for the above purpose. Again, it has been proved that the in- 
fluence of temperature on the conducting power of wires of the same metal is 
not always the same^T. Thus, for the conducting power of annealed copper 
wires the following values were found : — 






No. 1. 


No. 3. 





100*0 


100*0 


20 


92-8 


92*4 


40 


86*3 


85*6 


60 


80-4 


79-6 


80 


75-1 


74*4 


100 


70-5 


70*0 



showing therefore that if standards of pure metals be used, the influence of 
temperature on the conducting power of each would have to be ascertained. 

♦ Ann. de Chim. et de Phys. 1846, t. xvii. p. 242. t Phil. Trans. 1862, pt. 1. 

X Phil. Mag. Jan. 1861. § Phil. Mag. Jan. 1861. 

Ij Matthiessen and Vogt's unpublished researches. f PhU, Trans. 1862, pwrt 1. 
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It must also be borne in mind that it is not at all easy to maintain a standard^ 
even in a bath of oil or water at a giyen temperature, for any length of time. 

II. Those reproduced by a given length and section or weight, at a given 
temperature, of a pure metal in a liquid state. 

The only metal which has been proposed to be used in a liquid state for 
the reproduction of omits of resistance is mercury. We shall only have to 
speak of its preparation in a state of purity, and on the influence of tempo-, 
rature on its conducting power. For a tube, carefully filled with mercury, 
will certainly form a homogeneous column, and its molecular condition wUl 
always be the same at ordinary temperatures. 

On its preparation in a pure state. — ^Although this metal is one of the 
most easily purified, yet the use of it as a standard is open to the same objec- 
tions, although in a less degree, as have been advanced against the use of 
pure metals in a solid state when speaking of their preparation. We there 
stated that metals prepared by different chemists conducted differently. Now 
although the same manipulator may obtain concordant results in purifying 
metals from different sources, yet that by no means proves that the results of 
different observers purifying the same metal would show the same concor- 
dance. Thus we find that the values obtained by one experimenter* for the 
resistance of mercury, determined in six different tubes, varied 1*6 per cent. 
This difference, he says, is not greater than was to be expected. The resist- 
ances found were as follows : — ' 

Tubes I. n. III. IV. V. VL 

Experiment .. 1016-52 427-28 555-38 217-73 194-70 1142-3 
Calculated .... 1025-54 427-28 555-87 216-01 193-56 1148-9 

Again, the values found for the conducting power of different preparations 
of pure hard-drawn gold, by the same observer f, were found equal to 

78-0 at 0° 78-2 at 0° 76-8 at (^ 

79-5 at 0° 78-3 at 0^ 76-7 at (P 

77-0 at 0° 78-0 at 0° 77-3 at 0^ 

These values agree together as well as might be expected, considering that 
0-01 per cent, impurity would cause these differences. Now the values 
obtained by different observers vary between the numbers 59 and 78. 

If we now take the case of copper, the values found by the same experi- 
menters $ for different preparations of the pure hard-drawn metal were— 

99-9 at 0° 99-4 at 0^ 99-8 at (P 

101-0 at 0*=^ 99-4 at 0° 100-3 at 0' 

99-8 at O'' 99-9 at 0° 100*0 at 0° 
99-9 at 0° 

They were drawn by themselves, and all, with one exception, electrotype 
copper. 

It is well known how differently the so-called ^wre copper conducts when 

* Phil. Mag. Jan. 1861. The same experimenter (Dr. Siemens) states, however, in a 
later paper (Pogg. Ann. cxiii. p. 95), that he is able to reproduce standards of resistance 
by means of mercury with an accuracy equal to 0*05 per cent., but does not indicate what 
other precautions he takes (see remarks on the above, Phil. Mag. Sept. 1861). 

t Phil. Trans. 1862, p. 12. 

t Phil. Trans. 1862, p. 9. 



22 

prepared by different experimenters. In the following ^able, in order to 
show these facts more clearly, we have given the conducting powers of the 
metals, taking that of silver equal 100 at 0°. Silver, copper, gold, and plar 
tinum were hard-drawn. All values giveu> except where th^ contrary is 
mentioned, havp been reduced to 0^, 





Siemens. 


Lenz. 


Beoquerel. 


Matthiessen. 


Silver* 

CoDDer ...*• 


100 
96-9 

•••••• 

i'4-2 
1-72 


100 
73-4 

58-5 

«•♦••• 
•••••• 

22-6 
13-0 
10-7 
10-4 
3-42 at 18-9 


100 

95-3 

66-9 

26-3 

25-7 

15-0 

13-1 

8-8 

8-6 

1-86 


100 
99-9 
78-0 
23-7 
29-0 
12-3 
14*4 at 20-4 

Q.q 

10-5 at 20-7 
1-65 


GS?n...;:...:::::. 


Oo^dTniiim T,. 


Zinc •••... 


Tin 


Iron 


IJead 


Platinun) 





If, now, mercury be taken as unit, we fii^d the following values : — 





Siemens. 


Lenz. 


BecquereL 


Matthiessen. 


Silver 


68-20 
56-40 

•••••• 

• • • • •• 

• • • ••• 

*8-25 
100 


29-24 
21-46 
17-10 

6-59 
3-80 
312 
304 
1-00 at 18-7 


53-76 

51-23 

37-04 

14-14 

13-82 

8-10 

704 

4-73 

4-62 

1-00 


60-60 

60-55 

47-27 

14-42 

. 17-70 . 

7-46 

8-72 at 20-4 

5-03 
6-36 at 20-7 
1-00 


CoDDer .i.» 


Gbld 


Cadmium 


Zinc 


Tin 

Iron t 


Lead 


Plati-nmn ,,,,.,,,, 


Merc"»7t , - , . , 





A glance at the foregoing Tables wiU suffice to show how badly Lenz's 
series agrees with the rest when mercury is taken as unit | and, in fact, we 
obtain more concordant results if, in the above series, we take any other metal 
as imit. These facts therefore seem to indicate that mercury is not yet 
proved to be a safe means of reproducing standards of electric resistance. 

The influence of temperature on the conduotingpower of mercury, between 
0^ and 100°, is, comparatively speaking, small, being only 8*3 per cent., 
whereas that of the metals in a solid state decreases between those limits 
29*3 per cent. This property would, of course, render the use of very accurate 
thermometers unnecessary ; for 1° would only cause a difference in the con- 
ducting power of about 0*08 per cent., and therefore 0*1 only 0*008 per cent., 
so that an error of 1 or 2 tenths of a degree might almost be overlooked. 

A fact has just come to our knowledge through Mr. Jenkin. He informs 
us that, having to make a report on the electrical apparatus in the Intemational 
Exhibition, he tested, amongst other things, several resistance-coils. Now he 
found two sets of coils made by the same firm, the one exhibited in the Prus- 
sian, the other in the English department. Both were said to be multiples 
of the mercury unit proposed by Siemens t, and their resistances determined 
by comparing a coil in each set with that of a tube filled with mercury. 
Taking each set by itself and comparing the coils in it with one another in 

* This and the following Tabl^ h^Ye been copied from a paper published in the Phil. 
Mag. for Sept. 1861. 
t Phil. Mag. Feb. 1861. 
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the proper combination^ they "were found to be perfect ;• in fact, the adjust- 
ment of them was perfectly accurate. When, however, Mr. Jenkin compared 
coils of the two sets with each other, instead of being equal, they were found 
to show a difference of 1*2 per cent.* 

HI. Those reprodttced by a given length and section or weight, at a given 

temperature, of an aUoy, 

The alloy on which we have to speak is that composed of two parts by 
weight of gold and one of silver. The reason why this alloy was proposed 
is that the use of (say) 1 per cent, more or less gold does not materially alter 
its conducting power. 

1. On its jpr&paration,-^li has been shown that the alloy may be made of 
commercially pure metals and have the same conducting power as that made 
from chemicfdly pure ones ; for the maximum differences in the conducting 
power between those made in different parts of the world are not greater 
than those of a pure metal, either in a solid or liquid state, prepared by 
the same experimenter. But it may be urged that part of the differences 
obtained by different observers are due to the different methods employed in 
determining their conducting powers, and therefore had the conducting 
power of these alloys been determined by different persons, much greater 
differences would have been found. In answer to this, we give, in the fol- 
lowing Table, the determination of the conducting power of several alloys by 
Thomson and Matthiessenfj independently of one another. The alloys were 
made by Messrs. Johnson and Matthey. 



AUoy. 


Thomson, 


Matthiessen. 


1 


100-0 


100-05 


2 


95-8 


95-0 


3 


102-9 


102-7 


4 


100-8 


99-1 


5 


98-1 


97-7 


6 


89-9 


92-7 


7 


80-6 


80-06 

* 


Pure copper. 


Thomson. 


Matthiessen. 


1 


107-0 


107-2 


2 


107-5 


105-9 


3 


108-7 


106-9 


4 


107-7 


108-1 



The differences here, with the exception of aUoy 6 and copper 2, may be 
due to the temperature at which the observations were made not being in 
both cases the same ; for 2 or 3 degrees' difference wiU account for them. 
The Table, however, shows that different observers do obtain the same values 
for the conducting power of the same wires. 

The values obtained for the conducting power of the gold-silver alloy, 
made by different persons, of different gold and silver, are given in the fol- 
lowing Table — 

* This discrepancy may perhaps be attributed to some inaccuracy in the reproduction 
of the mercury standard, 
t Proceedings of the Eoyal Society, Feb, 1861, 
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Allo^. 


Hird-drawn. 


Annealed 


1 


100-3 


100-6 


2 


100-2 


100-7 


3 


98-8 


99-2 


4 


• ■ • • 


100-2 


5 


100-4 


100-7 


6 


99-7 


99-8 


7 


100-3 


100-8 


8 


100-1 


100-4 



-which shows, therefore, that the alloy may be prepared in a commercial 
way, and still have a conducting power which varies less than that of a pure 
metal prepared at different times by the same experimenter. If we look at 
the hard-drawn series, we find five out of the seven wires tested agree toge- 
ther exceedingly well, the greatest difference being only 0-3 per cent. These 
five alloys were made, three in London, by scientific chemists, one in Frank- 
fort-on-the-Maine, and one in Brussels. Those which agree least with the 
others were made in New York (No. 3) and by a well-known assayer in 
London (No. 6). 

2. On its homogeneity and its molecidar condition. — If the wires of the 
alloy made and drawn by different persons were not homogeneous, the values 
obtained for the conducting power could not have agreed so well together. 
It has been already mentioned that some of the alloys determined by Thomson^ 
when redrawn, were found to have a different conducting power*. 

Conducting power of wire Conducting power 
Alloy. as received from the wire- after being re- 

drawer, drawn. 

1 100-0 100-0 

2 100-7 95-8 

3 103-9 102-9 

4 94-6 100-8 
6 960 98-1 

6 92-0 89-9 

7 74-7 86-0 
Pure copper. 100-0 98-8 

Of course, here again, some of these differences are due to the temperature 
in each case not being the same ; but the differences found with the alloys 
2, 4, and 6 were undoubtedly due to faulty wires. It was for this reason 
that care was taken to have the alloy drawn by different persons, in order to 
see if this would influence the results obtained with them, as well as to ascer- 
tain whether the wires would show the same faults as silver and copper does 
when not carefully drawn. It has been argued that the molecular condition 
of all alloys is liable to undergo a change by age, and that, therefore, alloys 
are not fit to be used as standards. Thus it is well known that brass and 
German silver become brittle and crystalline by age, and that the same may 
occur with the gold-silver alloy ; but on looking at the composition of the 
alloy, it will be found to have nearly the same as that of the gold chains of 
commerce. Now, we do not know of a single instance where such a chain, 
even after years of use, becomes brittle or crystalline ; so that we think it 
more than possible that the alloy will not change its molecular condition by 
age. It must also be remembered that even when German silver becomes 

^ Proceedings of the Bo^al Society, Feb. 1861. 
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brittle, it does not materially alter in its conducting power. The sam6 has 
already been proved, and mentioned in this Keport, to be the case with iron 
and cadmium, 

3. On the effect of annealing on tlie conducting power of the aUoy, — ^When 
the alloy is heated to redness and cooled slowly, its conducting power was 
found to have increased only 0-3 per cent. — this value being the mean of 
eight wires annealed in different ways, — ^proving, therefore, that if the wires 
may be only partially hard-drawn, it will make but little difference in the 
conducting power. 

4. On the influence of temperature on the conducting power of the alloy,— ^ 
When wires of this alloy are heated from 0° to 100°, a decrement in the 
conducting power, amounting to 6-5 per cent., will be found. The same 
arguments may, therefore, be put forward in favour of the use of the alloy 
as a standard, as were done in the case of mercury when speaking of this 
property. 

To sum up, therefore, the arguments in favour of and against the use of 
the three propositions made to reproduce standards of electric resistance, 
we find in favour of a pure metal in a solid state : — 

1. That it appears that all descriptions of electrotype copper, when care- 
fully drawn, have the same conducting power. 

Against it : — 

1. That their preparation, with the exception of the electrotype copper in 
a state of purity, is exceedingly difficult ; so that independent persons pre- 
paring the same metal find, on comparing the conducting powers obtained 
for them, that they vary several per cent. 

2. That the influence of annealing on their conducting powers is so great 
that differences may occur simply because the wires are partially hard-drawn. 

3. That the influence of temperature on their conducting power is very 
great ; so that slight errors in thermometers, or in the reading of them off, 
would materially affect the result. 

In favour of using mercury as a means of reproducing standards the fol- 
lowing may be said : — 

1. That no molecular change can take place in the metal, nor can any 
alteration occur in its conducting power, on account of annealing ; for its 
temper is always the same. 

2. That the influence of temperature has only a small effect upon its con- 
ducting power. 

And against it : — 

1. That there is a difficulty in obtaining absolutely pure mercury ; so that 
the results obtained by different observers show great variations. 

2. That the standard tube cannot be kept full of mercury for any length 
of time, owing to the diffusion of impure metal, arising from the amalga- 
mated terminals into the narrow tube ; so that each time the standard has 
to be used, it must practically be remade. 

3. If the tube be broken during the process of cleaning or otherwise, it is 
not yet certain with what exactitude the standard could be reproduced. 

4. It is doubtful whether the resistance of a tube filled with mercury 
to-day will have the same resistance if filled a year hence ; for we have no 
proof if the dimensions of the tube will not alter by being kept. It is well 
known that the bulbs of thermometers are liable to change, and are continually 
changing, in capacity. 

In favour of the gold-silver alloy may be said : — 

1. That this material, when prepared and drawn by different persons, was 
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found not to vary in its conducting power more than 1*6 per cent. ; whereas 
the variationB found with the metals in a solid state, prepared and drawn by 
different persons, amount to several per cent., and those found for mercury 
by different observers amount also in all cases to several per cent. 

2. That the homogeneity and molecular conditition of this alloy are always 
the same. 

3. That the effect of annealing on the conducting power is very small, 
being only 0*3 per cent. ; so that if a wire be partially hard-drawn, its con- 
ducting power wiU not suffer to any appreciable extent. 

• 4, That the influence of temperature on its conducting power between 
0° and 100**, viz, a reduction of 6'5 per cent., is smaller than either that of 
the metals in a solid state, viz. 29*3 per cent., or that of mercury, viz. 8'3 
per cent. 

And against it :— 

That the conducting power may alter by age, as the physical properties of 
alloys are more likely to change than those of metals. 

. From the foregoing statements, based on facts at present known, it would 
appear that the best method of reproducing standards, for those who are un- 
able to procure copies of the British Association unit of electrical resistance, 
is that they should make, or have made, a certain amount of the gold-silver 
alloy (as described in the Phil. Mag., Peb. 1861), by two or three different 
persons, in order to ensure a correct result, and take a given length and sec- 
tion or weight of it, at a given temperature, which has been found equal in 
resistance to the British-Association unit. We would recommend, in order 
further to test what we have stated in the foregoing Eeport, that three or more 
scientific men and electricians be requested to compare the resistances of pure 
•mercury (obtained by them from the best sources they are able) and of the 
gold-silver alloy (made in the manner described in the Phil. Mag.) with a 
^German-silver standard supplied to them by your Committee. If this be 
done, results would be obtained which would put an end to many disputes 
on the subject, as well as decide which of the above means is practically the 
best for reproducing standards of electrical resistance where no copies of the 
British-Association unit can be obtained. 



Appendix D. — Professor Kiechhoff's Letter, 

To FUeming Jenkin, Esq. 

Heidelberg, June 8, 1862. 

Dmb Sib, — I have the honour to acknowledge the receipt of your letter of 
the 31st of May, in which you inform me of the labours of the Committee 
appointed by tiie British Association, to try and bring about the general 
introduction of one imit of electrical resistance. I gladly respond to the 
invitation to express my view on the manner in which the desired object 
might be best attained. 

To define the unit of resistance by the resistance of a wire of given 
dimensions of a pure metal appears to me impossible, for the reasons which 
have been urged by the Committee ; hence, of the three proposals discussed 
by the Committee, there only remains two for our consideration. 

1. To adopt the unit proposed by Weber ; or, 2. To establish, as unit of 
resistance, the resistance of a column of pure mercury of given dimensions 
and at a given temperature. 
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. I do not think that to these a third of equal value can be added ; for to 
define the unit of resistance by the thermal action of an electrical current 
would certainly never answer the purpose, because this thermal action 
cannot be measured with the necessary accuracy, and the resistance of any 
wire which is to be permanently kept cannot be fixed as unit; for the 
resistance of any wire for a given temperature certainly undergoes changes 
if electrical currents are transmitted through it, and it is exposed to fiuctu- 
ations of temperature. 

Of the above two units, the first recommends itself by coming up more 
satisfactorily to the demands of science ; the second, as I think, by being 
capable for the present of being practically carried out with greater accuracy. 
But is it really necessary to decide for one and against the other of these two 
units ? I think not. If the ratio between them is established with the accu- 
racy which is now attainable, there can, I think, arise no more confusion from 
their simultaneous use, than from the practice of expressing lengths sometimes 
in metres and sometimes in millimetres. You say, ** It is proposed that the 
unit adopted shall be represented by one particular standard, constructed of 
very permanent materials, laid up in a national repository ; " and further, 
" The Committee will probably endeavour to devise some plan by which 
copies of the actual material standard adopted may be easily procured at a 
reasonable cost/' This plan, the execution of which I consider highly 
desirable, might evidently be realized in all its essential points without 
its being necessary to give the preference to one of these units over the 
other : it would only be necessary to measure the resistance of the normal 
standard in both units, and to add to each copy its resistance expressed in 
both units. 

In choosing the metal or the alloy of which the normal standard and the 
copies are to be made, care must undoubtedly Jirst be taken that the re- 
sistance is as unalterable as possible for one temperature. It is undoubtedly 
desirable that the resistance shall not vary rapidly with the temperature. 
This is, however, not very important, provided that the temperature of the 
wire can be accurately observed at any moment. To satisfy this condition, 
the wires must not be coHed upon cylinders, but fastened so that, for the 
greater part of their extent, they lie clear, and hence rapidly assume the 
temperature of the surroundiDg air or of the non-conducting liquid in which 
they may have been immersed. 

You request me to point out to you any researches of mine which refer to 
a unit of electrical resistance. I have to mention a short treatise only, which 
appeared in vol. Ixxvi. of Poggendorff's ' Annalen,' under the title " Deter- 
mination of the Constants on which the Intensity of Induced Electrical Currents 
depends," and which formed the answer to an academical prize-question which 
Professor Neumann, in Konigsberg, had proposed in the year 1846. In this 
treatise a unit of electrical resistance has not been suggested ; but in it the 
resistance of a wire has been measured by the unit (or rather by double the 
unit), which was afterwards proposed by Weber in his ** Electrodynamic 
Measurements." Professor "Weber has subsequently had the kindness to 
compare the copper wire whose resistance I measured with those whose 
resistances he himself had determined (Pogg. Ann. vol. Ixxxii. p. 360) ; he 
thereby found the resistance of my wire about one-seventh greater than I had 
found it. The reason of this want of agreement consists partly in the im- 
perfection of the instruments which I had used, and partly in the fact that 
in my experiments the temperature was little above 0° R., while in Weber's 
experiments it was about 20® R. 
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Allow me, my dear Sir, to record the very great respect with which I have 

the honour to be, 

Yours very truly, 

G. KiBCHHOPF. 

AppBimiz E. — ^Dr. Siemens's Letter. — Suggestions for the adoption of a 
Common Unit in measurement of Electrical Resistance, 

To the Committee appointed hy the British Association to report on Standards 

of Electrical Resistance, 

Gentlemen, — ^I beg to acknowledge, with thanks, the honour you have done 
me, in requesting me to furnish you with suggestions in furtherance of your 
endeavours to procure the adoption of a common unit of electrical resistance. 

I proposed in Poggendorf's * Annalen ' (vol. ex. p. 1) to supply this want by 
the adoption of the conducting power of mercury as unit, and of the resist- 
ance which a prism of that metal a metre long and a square millimetre 
section, at 0° C, opposes to the passage of a current, as unit of resistance. 

The method by which I constructed standards in this unit was as follows : — 

From the ordinary glass tubes of commerce, pieces were selected whose 
calibre was found to vary most regularly. After the selected tubes had 
been ground to the length of a metre, they were carefully cleaned and filled 
with pure mercury — the temperature being measured. The contents were 
then weighed, and the values reduced to 0°C. for expansion of glass and 
metal. The resistances of the tubes were calculated bv the formula 



which represents the resistance to a current in the longer axis of a prismatic 
conductor either in the above unit or in 0*001 unit, according as I is ex- 
pressed in metres and g in grammes, or I in millimetres and g in milligrammes 
respectively. 0-8=13-557, Qie specific gravity of mercury, at 0°C. 



1+V^+V« 
3 

is the coefficient for conicalness, which in good tubes equals 1 very nearly. 
a is the ratio of the greatest to the least transverse section of the tube. 

All the data therefore necessary for the value of W are exact measures of 
length and weight. Measurements of the same tube, at different times, gave 
results corresponding within 0*01 per cent, with each other. 

The first objection which is raised against the adoption of mercury as unit, 
" that the tubes cannot be made of uniform or similar wires, and that the 
standard once broken is lost for ever," is clearly untenable, since the tubes 
are not required to be uniform, and the breakage of the standard involves 
only the necessity of a new tube, and the determinations of length and weight 
anew, to put the operator in possession of a new standard, whose agreement 
with the broken one will depend solely on his own handiness in manipulating. 
Every standard, of whatever material, is liable to injury ; but the breakage 
of a glass is infinitely to be preferred to the treacherous results of a bruised 
wire. 
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Mercury is, of all metals^ that which is best suited to supply a reproducible 
standard. 

In the first place, it is procurable pure in sufficient quantities. I heated 
for some hours samples of commercial mercury under sulphuric acid con- 
taining a few drops of nitric acid, and found their conducting powers after- 
wards to be precisely the same as that of a quantity of chemically pure mer- 
cury reduced from the oxide. 

Secondly, mercury has always the same molecular structure, and has 
therefore, at the same temperature, always the same resistance. 

From these two ground it is possible to couple with this unit a geome- 
trical conception which is indispensable in practice. 

Thirdly, of all metals capable of being used for resistances, mercury has the 
lowest conducting power ; and of all pure metals capable of the same applica- 
tion, its resistance varies least with variations of temperature. 

Having formed such original standards, it only remained to copy them in 
a convenient form for employment in practice. This I have done, — 

1. In mercury contained in glass spirals, and 

2, In German-silver wire. 

The resistance-bridge which I made use of in these measurements, with a 
reflecting galvanometer in its circuit, enabled me to attain a precision of 
within 0*01 per cent. 

The mercury spirals, as may be seen by the accompanying drawing*, are 
provided with cups at their ends, for convenience of filling and for receiving 
the contacts of the measuring apparatus. They are either of known resist- 
ances, approximating only to a multiple of the unit, or may be adjusted to 
an exact multiple by boring out one of the ends of the tube, which, in this 
ca^se, must stand up half an inch inside the cup. The resistances of the bridge 
must then be arranged so that no current passes through the instrument only 
when the desired resistance in the fourth side is reached. When the spiral 
is filled, a vulcanized india-rubber ring is put round the cups, and the spiral 
is suspended in a vessel of ice-water or water kept in circulation by passing 
a current of air through it, and the temperature measured by a delicate 
thermometer. 

The electrical value of each spiral which I have made has been determined 
by comparing it with at least two of the straight normal tubes, both being 
kept during the measurement in ice- water. The greatest differences which 
I have found between such determinations do not exceed 0*05 per cent., to 
which limit the copies may be trusted. 

In answer to the objection that an admixture takes place between the 
mercury and the solid metal used for the terminals, I must remark that I 
have found this occasion reaUy less inconvenience than is generally believed. 
I kept the copper connexions immersed in the mercury a whole week, but 
could not perceive the slightest decrease in its resistance. Platinum elec- 
trodes of considerable surface might be employed ; but I believe that the 
removal of the copper connexion after each test, and the removal of the old 
mercury from their surfaces before using them again, are a sufficient safeguard 
against error arising from this source. Besides, it is easy to fill the spiral 
with fresh mercury whenever it is suspected to have dissolved any quantity 
of copper, or even on every occasion when a measurement with it is to be 
made. Nor does mercury change its resistance in the least by standing in 
the air. This I have proved by keeping a spiral six months filled without 
changing the mercury, and found its resistance to be constant. 

* The drawings haye been omitted, the descriptions being intelligible without them. 
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The material ^wliich I have extensively employed in copying this mieasure, 
viz. German silver, may be classed under the same head as the expensive 
gold-silver alloy of Dr. A. Matthiessen, over which it has, however, the con- 
siderable advantages of a greater specific resistance, and that its resistance 
varies less with temperature variations. 

As a preventive against alteration of resistance by the influence of the air^ 
I have usually had the resistances made of this metal covered with a coating 
of silk and lac. 

Intermediate between the resistances to be measured and the measure 
itself I have introduced resistance-scales. These contain each a series of 
resistances (multiples of the unit), and are so arranged that each resistance U 
exact when it stands stopped alone in the circuit. When carefully made, these 
scales may be depended on to O'l per cent. 

Being convinced of the sufficiency of the method I have described of repro* 
ducing a standard of electrical resistance, I have the honour to suggest to 
you : — 

1st. To recommend the universal adoption of the conducting power of 
mercury as unit, and of the resistance which a prism of that metal, a metre 
long and square millimetre section, at 0°C., opposes to a current of electri- 
city as common unit of resistance. 

2nd. To have the value of this measure ascertained, with the greatest pos- 
sible exactness, in absolute units. 

3rd. To have copies of this unit constructed in mercury contained in glasiS 
spirals for preservation in scientific repositories. 

In the event of my suggestions being adopted, the mercury unit should be 
determined again with the greatest possible care, and with all the help which 
pure and applied science offers, and copies of it made with equal exactness* 
* According to a late determination by Weber, the mercury unit is only about 
2| per cent, greater than 10^° absolute units, or one mercury unit at —26° C. 
would equal 10,000,000,000 absolute units. 

Since those cases in which the expression of resistances in absolute measure 
is of advantage in facilitating calctdations occur only very seldom, and only 
in purely scientific exercises, a single determination of the relation of the two 
measures would be amply sufficient. Should the absolute unit or any mul- 
tiple of it be adopted as common unit of resistance, there would still be 
wanted a unit for expressing the conducting powers of bodies ; and mercury 
is indisputably the best calculated for this purpose. And for practical pur- 
poses, which in adopting a universal unit should be principafiy taken into 
consideration, it is indispensable to define the resistance-measure as a geo- 
metrical body of that material which is selected as unit of conducting power. 
Every other definition would not only burden unnecessarily the calculations 
which occur in common life, but also confuse our conception of the measure. 

The reason why the arbitrary unit proposed by Jacobi (a length of copper 
only approanmately defined) found no admittance into general use is to be 
sought m the fact that it failed to fulfil this condition, and because the conduc- 
ting power of all solid bodies is too dependent on their molecular structure* 

The same objection renders the adoption of the gold-silver alloy proposed 
by Dr. A. Matthiessen equally incapable. 

Another disadvantage in the way of a solid metal unit is the impossibility 
to solder thick connexions into the ends of a defined length of any wire 
without altering its resistance. 

Should the adoption of the mercury Unit be deemed advisable, I would 
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place at the Bervice of the British Association any fiirther information or 
assistance in my power. 

I have the honour to be, Gentlemen^ 

Your most obedient Servant^ 

W* SiBKEWS. 

Appendix F. — Extracts from a Letter addressed to Professor Wllliambok 6y 

Dr. ESSELBACH. 

The two objections against the practical applications of Weber's absolute 
imit have been sufficiently pointed out as being — 

1. Its minuteness ; and 

2. That -the - electromotive force of galvanic elements does not allow of 
variation (as strength of current, tension, and resistance do), but that we 
have to accept certain constants as nature has fixed them. 

I take it for granted that the standard of absolute unit would not lose in 
authority if a plain multiple of it were adopted. I need not point out that 

the French metre itself is only a submultiple, i^o^oob^ ^^ * natural unit — ^the 
earth's quadrant. The multiple of the natural electro-magnetic unit I am 
about to suggest for practical use is 10^°, therefore very simple (which is of 
no little importance) ; and it is a multiple which leads us to those standards 
which are practically used. 

M. Bosscha gives the electromotive force of his Daniell's cells in absolute 
measure as ... 

1025-80 . 10% 
and calculates the one used by Mr. Joule to be 

1045-1 . 10«. 

It wiU therefore be practicable to determine such concentration of sulphuric 
acid as to make the electromotive force equal to 

10 . 10" ; 

and 1 believe the concentration required would be very near what is actually 
used in telegraphy. 

IlesistanC'e, — The different copies of Jacobi's etalons are well known to 
differ as much between each other as Daniell's cells ; and if Siemens had 
done nothing else for galvanometry than to give us copies which agree among 
themselves within a quarter per cent., the progress is obvious. 

"Weber's copy of Jacoti's etalon is 

698 . 10^ I 
and that of M. Bosscha was 

607 .10^ 
in a'bsolute measure. 

Oilier statements (of Kirchhoff and others) give a much smaller value. 

In comparing Mr. Siemens's mercury standard with three copies of Jacobi's 
etalon in his possession, I found two of them agreeing tolerably well with 
each other, and with a third one copied by my friend Dr. Teddersen, at 
Leipzig, from the original of M. Leyser, which I took therefore to be the 
more correct ones. I found the absolute value of Siemens's unit to be 

603 ^/^lO 

660 • -^^ ' 
or 1-1 Siemens's unit =10". 

We should therefore only have to multiply all observations expressed in 
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Siemens's units by ^^ to reduce them to absolute measure, and the suggested 

multiple for the future standard would not be far from 1*1 of Siemens's units, 
which every one admits to be for metallic conductors a practical unit. 

Por the resistance of insulating materials the figures become impracticably 
high ; but it would be a matter of professional telegraphy to adopt, in con- 
formity with the system, the * resistance ' 10^° and, besides, another * great 
resistance ' containing 10^° * resistances.' 

While the resistance of a mile of copper in an ordinary cable would be (say) 
4 R. (four resistances), the insulation-resistance of a mile of cable would be 
about 0*04 G. R. (great or gutta-percha resistances). 

My suggestion would therefore be — 

1. To adopt Weber's absolute unit, and to derive from it, by the multiple 
lO'^* (or 10,000,000,000), the practical unit. 

2. To adopt 10^^ of Weber's electro-magnetic units as the * practical abso- 
lute unit ' for electromotive force and resistance. 

(10 of these units would be exactly 1 Daniell's cell). 

3. 1 of these units would be 1*1 of Siemens's units. 

4. To allow, besides, a * practical great unit,' viz. 10^^ of the * practical 
units,* for resistances in order to express the insulation-resistance of cables 
in convenient figures. 

6, To allow also a ' practical small unit ' of =-^ absolute units to express 

insulation-currents and charge-quantities of cables in convenient figures. 

6. To adopt, in order to avoid confusion, for such * practical units ^ a 
terminology as proposed by Messrs. Bright and Clark. 

London, September 18, 1862. 

Appendix G. — Circular addressed to Foreign Men of Science. 

Snt, — I am requested to inform you that a Committee was appointed by the 
British Association, which met last year at Manchester, to report on Electrical 
Standards of Resistance. 

The Committee consists of the following gentlemen : — 



Professor W. H. Miller, F.R.S. (Cam- 
bridge). 

A. Matthiessen, Ph.D., F.R.S. (Lon- 
don). 

rieeming Jenkin, Esq. (London). 



Professor A. W. Williamson, E.R.S. 

(University College, London). 
Professor Charles Wheatstone, F.R.S. 

(London). 
Professor William Thomson, F.R.S. 

(Glasgow). 

The Committee met on December 6th, 1861, and on April 3rd, 1862. On 
the latter occasion the following Resolution was passed : — 

♦* Resolved, — That the following gentlemen be informed of the appoint- 
ment of the present Committee, and be requested to furnish sugges- 
tions in furtherance of its object. 



Professor Edlund (Upsala). 
Professor Th. Fechner (Leipzig). 
Dr. Henry (Washington). 
Professor Jacobi (St. Petersburg). 
Professor G. Kirchhoff (Heidelberg). 
Professor C. Matteucci (Turin), 

I have, in consequence, the honour of addressing you the present letter. 



I 



Professor Neumann (Konigsberg). 
Professor J. C. Poggendorfl' (Berlin). 
M. Pouillet (Paris). 
Werner Siemens, Ph.D. (Berlin). 
Professor W. G. Weber (Gottingen)." 
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Tho Kesolutions passed at tho two meetings are enclosed, and from them 
you will gather the general scope of the Committee's inquiry. I add some 
further explanation as to the objects and intentions of the Committee. 

Great inconvenience has been felt from the absence of any generally adopted 
unit for the measurement of electrical resistance, and it was thought that the 
influence of the British Association might be successfully exerted to procure 
the adoption of a common standard. The present time was thought especially 
favourable, since, although the methods of observation have been brought to 
great perfection, no local units have as yet taken very deep root. 

The units which up to the present time have been considered by the 
Committee mav be classed under three heads : — 

1st. A given length and weight or section of wire made of some pure 
metal, and observed at a given temperature, as originally proposed by 
Professors Wheatstone, Jacobi, and others. 

2nd. Units based on Weber's and Gauss's system of absolute measurement. 

3rd. A given length and section of pure mercury at a given temperature. 

Whatever basis is adopted for the unit, it is proposed that the unit adopted 
shall be represented by one particular standard, constructed of very permanent 
materials, laid up in a national repository ; and it has been proposed to use 
Dr. A. Matthiessen's gold-and-silver alloy for this purpose. The arguments 
which have been used for and against these systems are as follows : — 

In favour of the use of a wire of some pure metal it is said — 

That the plan is the simplest possible^ and admits of independent observers 
forming their own standard. 

Against this plan it is said — 

1st. That even when pure, two apparently similar wires do not resist 
equally unless their temper or molecular condition be the same — a condition 
which cannot practically be ensured. 

2nd. That there is reason to believe that the resistance of a given wire is 
not constant even at a constant temperature. 

3rd. That the resistance of all pure metals varies very rapidly with tho 
temperature. 

4th. That great difficulty is found in obtaining any metal pure, and that 
the attempt of most persons to reproduce the unit for their own use would bo 
attended with incorrect results. This is evidenced by the different relative 
results as to the resistance of pure metals published by different observers. 

In favour of Weber's units it is urged — 

Ist. That their use will ensure the adoption of a complete system of corre- 
sponding standards for electrical currents, quantities, and tension or difference 
of potential. 

2nd. That their use is essential in the dynamic treatment of any problem 
connected with electricity ; for instance, in determining the heat generated, 
the force exerted, the work done, and the chemical action required or pro- 
duced under any given circumstances. 

3rd. That their use would be a simple extension of the system already 
universally adopted in magnetic measurements. 

4th. That the unit is independent of the physical properties of any 
material. 

Against the system it is urged that the unit cannot be determined with 
sufficient accuracy, and that even its approximate reproduction, where copies 
cannot be obtained, is difficult and expensive. 

In favour of the mercury standard the following arguments are used : — 

Ist. No change can occur in the molecular structure or temper of tho 
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material, and therefore the same tube filled with pure mercury will certainly 
always conduct alike. 

2nd. Change of temperature causes only a slight difference in resistance. 

Against this plan it is said — 

1st. That tubes cannot be made of uniform or similar wires, and that, 
therefore, the standard once broken is lost for ever. 

2nd. That the standard tube cannot be kept full of pure mercury, owing to 
the admixture which would take place of the solid metal used for the terminals, 
so that each time the standard has to be used it has practically to be remade. 

3rd. That the attempt, by most observers, to reproduce the unit for their 
own use would be attended with incorrect results, as is shown by the different 
results obtained by different observers. 

In favour of Dr. Matthiessen's alloy, as compared with wires of pure metal, 
or with mercury, as a material for the standard, it is said — 

1st. That the variations of resistance, corresponding with variations of 
temperature or temper, are small. 

2nd. That a unit expressed in this material can be more readily and 
certainly reproduced than one expressed by a pure metal, because the 
presence of slight impurities in the component metals, or a slight change 
in their proportion, does not sensibly affect the result. 

Against this plan it is said that the physical properties of an alloy are 
more likely to change than those of a pure metal. 

Against all the plans for standards, based on an arbitrary length and 
section of an arbitrary material, the supporters of the absolute units state 
that the adoption of such an arbitrary standard would lead to great con- 
fusion and complication in the measurement of all other electrical properties, 
and in the expression of the relation of such measurements to those of force, 
work, heat, &c. 

This objection does not, of course, apply to the expression of the absolute 
unit by means of a wire of pure metal, of an aUoy, or by mercury : but it is 
urged that no observer should ever attempt the reproduction of a standard 
when a copy of the proposed universal standard can possibly be obtained ; 
and the Committee will probably endeavour to devise some plan by which 
such copies of the actual material standard adopted may be easily procured at 
a reasonable cost. 

It wiU be seen, from, the resolutions passed, that the Committee are now 
engaged in investigating the degree of accuracy with which Weber's units can 
be obtained, and the degree of permanency which may be expected from the 
use of the metal or alloy forming the material standard expressing these or 
other units. 

The Committee will feel greatly indebted to you if you will afford them the 
benefit of your valuable advice and experience on the above points, and on 
any others which may occur to you. They also venture to hope that such a 
standard may be selected as will give very general satisfaction ; and, if ap- 
proved -by you, that you will kindly take an interest in procuring its general 
adoption. 

Personally being charged with the duty of preparing an historical summary 
of the various units proposed, I shall be grateful if you wiU favour me with 
any remarks as to your own labours in this field, or if you could oblige mo 
with references to any papers or works in which the subject is treated. 

I am. Sir, 

Your obedient Servant, 

Fleemikg Jenkin. 



35 

Appendix H. — Bescrvption of the Electrical Apparatus arranged by Mr. Plee- 
ming Jcnkin for the prodMCtion of exact copies of the Standard of Resistance. 

This apparatus is a simple modification of that generally known as '' Wheat- 
stone's bridge/' It contains, however, some special arrangements, in virtue 
of which various practical difficulties are avoided, so that very great accuracy 
can be ensured with comparative ease. The usual bridge-arrangement is 
shown in Plate I. fig. 9, where the irregular scrolls, A, C, R, S, represent the 
four conductors of which the resistance is to be compared ; the thick black lines 
show those portions of the circuit which join the coils with the four comers, 
TJ, Y, Z, Y, and are supposed to have no sensible resistance in comparison 
with the coils; finally, the thin lines show connexions, the resistance of 
which in no way affects the accuracy of the comparison between the four 
coils. By this arrangement the four conductors, A, C, E, 8, are so connected 
with the galvanometer, G, and the battery, B, that no current passes through 
the galvanometer when the conductors bear such a relation to one another that 

A S 
the equation n=^ holds good; whereas a current in one or other direction 

A . S 

passes so soon as g is greater or less than g*. Thus the direction and 

strength of the current observed serve as guides by which the resistance of 
any one of the conductors may be gradually adjusted by shortening ot 
lengthening the wire, until on the completion of the circuit no deflection 
whatever can be observed on the galvanometer, however delicate it may bei 
or however powerful the battery used. When this has been done, we may 
be sure that the above relation exists between the four conductors. In 
practice, it is seldom desirable to use powerful batteries ; the test is made 
delicate by the use of an extremely sensitive astatic galvanometer. 

In speaking of the four conductors, A, C, R, S, which are generally all 
coils of wire of similar construction, although each fulfilling a distinct 
fdnction, some difficulty often occurs in explaining readily which coil or 
conductor is referred to. They can of course be distinguished by letters ; but 
this requires reference to a diagram on every occasion, and the writer has 
therefore been in the habit of distinguishing the four coils by names drawn 
from a very obvious analogy existing between this electrical arrangement 
and the common balance in which one weight is compared with another. 
The equality between the two weights on either side of a balance, when the 
index is at zero, depends on the oqucditj of the arms of the balance ; and if 
the arms are unequal, the weights required to bring the index to zero are 
proportional to the arms (inversely). Let A and C be called the arms of the 
electrical balance, while S and R are looked on as analogous to the standard 
weight and mass to be weighed respectively, and let the galvanometer-needle 
stand for the index of the balance. Then all the above statements, with 
respect to the weights and arms, hold good for the electrical arrangement 
(except that the proportion between the electrical arms and weights is direct 
instead of inverse). The writer therefore calls this arrangement an electric 
balance — ^A and C the arms, 8 the standard, and R the resistance measured f. 

* This statement holds good also if the battery and galvanometer wiifes, as shown 
in diagram, are interchanged. 

t The name of parallelogram, sometimes given to the arrangement, is objectionable, 
inasmuch as the relation obtaining between the four conductors is not that which exists 
between the four sides of any parulelogram, except in the one case of equality between all 
four conductors. The connexions are, however, most easily followed in a drawing when 

d2 
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In the adjustments of resistance-coils or copies of a standard, the object is to 
produce a second coil, R, exactly eqvuiL to the first or standard, S ; and the 
arms, A, C, must therefore be absolutely equal before, by this arrangement, 
.an exact copy can be made. Hitherto it has often been the practice to use 
for the arms. A, C, two coils made as equal as possible, and placed so close as 
to remain at sensibly equal temperatures; so that the equality between 
R and S is dependent on the equality between A and C, and cannot be deter- 
mined with greater accuracy than that between these coils. This limit to the 
accuracy is a defect for our present purpose, and the writer has, moreover, 
found it undesirable to depend on the permanent equality of two coils. It is 
by no means certain that, without very extraordinary precautions, the two 
arms will remain unaltered in their original equality. A slight molecular 
change, or a slight chemical action on the surface of the wires, disturbs this 
equality permanently; and even if the coils are so constructed as to remain 
really equal at equal temperatures, the accidental passage of a current through 
one arm, and not through the other, for a very short time, will disturb their 
accuracy very sensibly for a considerable time. There are various devices by 
which the equality to be established between R and S may be rendered 
independent of the absolute equality between A and C, and the writer has 
adopted a plan, now to be explained with the aid of the diagrams (figs. 7, 8). 
This plan allows the approximation to equality between R and S to be almost 
indefinitely increased. 

It will be seen that ^^. 7 does not differ from fig. 9, except by the addition 
of a wire, WX, of sensible resistance, between the two coils A and C. The 
point U is no longer fixed, but can be moved along WX. The arms of the 
balance are therefore no longer A and C, but A-f XU and C+WU. Thus 
• the movable point U affords the means of slightly altering or adjusting the 
ratio of the two arms. A and C are made as equal as possible, independently 
of WX, which is a very short wire. 

The test is made as follows': — When the standard and coil to be measured 
have been put in their places as in ^g, 7, the point U is moved along the 
wire WX until the galvanometer-index is not deflected when the circuit is 
closed. The position of the point U is noted by a scale. R and S are then 
reversed, so as to occupy the position relatively to A, C shown in fig. 8. The 
point U is again moved until the galvanometer-needle remains undeflected on 
the circuit's being closed. The new position of U is again observed by a 
scale. If the point U does not require to be moved at all, we may be quite 
sure that R is exactly equal to S, and that A+XU=C+Wir, since it would 

be quite impossible that the ratio p . ttttt should be equal to both ^ and ^n' 

unless this ratio were equal to 1. Moreover, if WX be made of the same 
wire as the coils A and C, and if those coils are formed of about 100 inches 
of wire, and if the observed positions of U differ by a given distance, x, this 
length, X, measured in inches, will express very nearly the difference between 
-R and S in a percentage of the whole length of R. Thus, if x be one inch, 
the standards S and R differ by about one per cent. If the point U, when 
adjusted in each case, be found nearer R than S, then R is the smaller of the two, 
'and vice versd. The percentage of error in R, thus measured, is not of course 
ptrictly accurate, inasmuch as the ratio between the two arms is not exactly 

arranged as the four sides of a quadrilateral figure. Professor Wheatsfcone's original name 
of Differential Resistance Measurer does not, as it seems to the writer, sufficiently distin- 
guish tliifl arrangement from other differential methods. 
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Yqq f but if WX be not more than three or four inches long, the percentage 

of error measured in this way is quite sufficiently accurate to allow the new 
coil to be so exactly adjusted after very few trials, that no greater movement 
of U than (say) ^th of an inch is required to prevent any deflection on the 
galvanometer when E and S are reversed. We may then be sure that no 
greater error than (say) about 0*1 per cent, exists in the equality between 
the new coil and the standard. Two fresh coils, Aj, Cp are then taken, 
containing each about 1000 inches of wire similar to "WX, or an equivalent 
resistance. It will then be found that, to maintain the index at zero when 
R and S are reversed, U must be moved about ten times as much as before, 
or (say) one inch. R can then be still further adjusted tDl U is not moved 
more than ^th of an inch, when a new degree of approximation to equality, 
with an error of not more than 0*01 per cent., will have been reached. Then 
the coils Aj, Cj are changed for a fresh pair, A^, C^, with a resistance equal 
to about 10,000 inches of the wire WX : one-tenth of an inch on WX will 
then represent an error of only 0*001 per cent. By a repetition of thia 
process, quite independently of any absolute equality between the pairs A, C, 
Aj, Cj, Ag, Cj, &c., a gradual approximation to any required extent may be 
ensured. The delicacy of the galvanometer used, and the nicety of the means 
available for increasing or diminishing the resistance of R, form the only 
limits to the approximation. A slight want of equality between any pair of 
arms will simply bring the point U a little to one side or the other of the 
centre of WX, as the final adjustment with that pair is made, but will not 
affect the truth of the comparison between R and S. Each pair must, however, 
be so nearly equal that the addition of part of the short wire, WX, to one side 
will be sufficient to correct the other ; otherwise the adjustable point U would 
not bring the index to zero, even when at one end of the wire. 

This arrangement, besides rendering us independent of the accuracy of 
any two arms, has some incidental advantages of considerable practical 
importance. At each test it gives a measure of the amount by which the 
new coil to be adjusted must be lengthened or shortened. The test is at first 
comparatively rough, or adapted to errors of one or two per cent., and only 
gradually increases in delicacy as the desired equality is more and more 
nearly approached. It is not necessary that the resistance of WX should 
remain absolutely constant, since it is only used (numerically) to give a 
rough approximation to the percentage of error. It is desirable that the 
battery should remain in circuit as short a time as possible ; the circuit is 
therefore broken between 1 and 2, figs. 7 and 8, by a key, K, with which 
contact should be only momentarily made, when all the other connexions are 
complete. The direction of the jerk of the galvanometer-needle to one side 
or the other need alone be observed ; no permanent deflection is required with 
this arrangement as a guide to the amount of error. This is a considerable 
advantage, inasmuch as it avoids heating the wires, and saves time. The 
induction of the coils on themselves might lead to some false indications, 
unless' special precaution were taken against it, as pointed out by Professor 
W. Thomson*. To avoid this source of error, the galvanometer circuit is 
hroken between 3 and 4, figs. 7 and 8, at K^, and should only be closed after 
the battery circuit has been completed at K and equilibrium established 
throughout all the conductors. 

Before passing to a detailed description of the apparatus as actually con- 

* FiV?c Phil. Mag. August 1862. 
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Btnicted, some remarks are required as to the means of making temporary 
connexions. All connexions which require to he altered may he the means 
of introducing errors, inasmuch as the points of contact are very apt to offer 
a sensihle hut uncertain resistance. In measuring small resistances, the 
resistance at the common hinding-screws is found to create very considerable 
errors. Binding-screws have therefore to he avoided at all points where an 
uncertain resistance could cause error. Mercury- cups, made as follows, have 
been found in practice very suitable for temporary connexions, and have been 
adopted in the apparatus. The bottom of each cup is a stout copper plate, 
with its surface well amalgamated, forming one of the two terminals to be 
joined, A stout copper wire, ^ inch in diameter, with a flat end well amal- 
gamated, forms the other terminal. When the amalgamation is good, and 
care is taken that the wire shall rest on the plate, this form of connexion 
oflfers no sensible resistance. The amalgamated wire is easily kept bright 
and clean by being dipped from time to time in a solution of cnloride of 
mercury and wiped. The copper plate should also be removed from the cup, 
cleaned, and re-amalgamated occasionally. All permanent connexions should 
be soldered. 

The apparatus itself, as actually constructed, will now be described (figs. 1 
to 6). It consists of a wooden board*, about 12 in. X 7 in., containing the 
mercury-cups, the adjusting wire, WX, the key, K, and the terminals to which 
the battery and galvanometer are connected. The letters in the figures 
1 to 6 correspond exactly to those used in the diagrams 7 and 8 ; and tho 
apparent complexity of the connexions can thus be easily disentangled. 
cCj, aa^ are two pairs of mercury-cups, into which the terminal wires on the 
bobbin, C, A, dip. This bobbin contains the two coils, C and A, forming 
the arms of the balance, rr^ and ss^ are mercury-cups, into which the 
terminals of the standard and coil to be adjusted are placed. These mercury- 
cups are so connected with the four cups, <£, d^, /, /j, that when d is con- 
nected with d^ and / with /j, by a couple of wires in a small square of wood, 
D, then A, C, 8, and K are connected as in fig. 7 ; but when D is turned round, 
so as to connect d with/, and d^ with/^. A, C, R, and S are connected as in 
fig. 8. D is called the commutator. The same end might be efifected without 
a commutator by simply interchanging E and S ; but it is frequently incon- 
venient to do this. AU these connexions are made by short stout copper bars, 
dotted in fig. 2. The wire WX, the sliding brass piece H, carrying a spring 
for the contact at TJ (fig. 4), and the scale E, by which the position of H is 
observed, wiU be readily understood from the drawing. The sliding piece, H, 
is connected with the proper points by the helix of copper wire, A, and the 
screw, I. GGj and BB^ are common binding-screws, to which the wires 
from the galvanometer and battery are attached. K is the key, by depress- 
ing which, first, the battery is thrown into circuit, and then the galvano- 
meter. It consists of three brass springs, 1, 2, 3 (fig. 5), each insulated 
one from the other, and connected by three screws, 1, 2, 3 (fig. 2), with the 
necessary points of the arrangement. A fourth terminal, 4 (figs. 2 and 6), 
is immediately under the free end of the springs, and is armed with a small 
platinum knob or contact-piece. The three springs are also aU armed with 
platinum contact-pieces, all in a line one above the other (fig. 6). When 
the finger-piece, T, is pressed down, 1 aud 2 are first joined, and then 3 
and 4 ; 3 is insulated from 2 by the vulcanite, Q. All the connexions per- 
manently made, imder the board, are shown in fig. 2. Those which have no 

* Experience has shown that this board should be made wholly of vulcanite, and not, 
as shown in the drawing, partly of wood and partly of vulcanite. — "E, J., 1872. 
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sensible resistance are stout copper bars, and form the bottoms of the mer- 
cury-cups : those of which the resistance is immaterial are made of wire, 
insulated by gutta percha, and are simply shown as dotted irregidar lines in 
fig. 2 ; they will be found, on comparison, to correspond with the thin lines 
on fig. 7* It will also be found that all those parts shown by thick lines in 
the diagram are made by thick bars or rods and mercury-cups. 

Three sets of arms, C A, Cj A^, C^ A^, are provided ; the shortest pair is 
first used, and U adjust^ by the slide, H, till the galvanometer does not de- 
flect when T is pressed down. The commutator, D, is then turned round, 
and U adjusted afresh. The coil, B, is then altered according to the two 
positions of U, and this process repeated, using the second and third pair of 
arms as required, until the desired approximation between K and S has been 
obtained. An astatic galvanometer, with a very long coil, will, for most 
purposes, give the best results ; and one or two elements will be found a 
sufficient battery. The construction of E and S recommended, and the pre- 
cautions to ensure perfect equality of temperature, will form part of next 
year's Eeport. 

The apparatus, although specially designed for the production of equal 
coils, is applicable to ordinary measurements of resistance by comparison 
with a set of resistanoe-^oils ; for this purpose the terminals of the resist- 
ance-coils should be put in the place of the standard S, and any conductor of 
which the resistance is to be measured in the place of E. If a comparison 
by equality is to be made, the wire WX can be used as already described ; it 
is, however, frequently desirable to make a comparison with one arm ten- 
fold or a hundredfold greater, than the other, by which means measurements 
oi resistances can be made ten or a hundred times greater or smaller than 
could be done if equality alone between E and B were measured ; for this pur- 
pose the three pairs, A C, Aj C^, A^ C^, are made exactly decimal multiples one 
of the other, and then, by taking A and Cj, or A and C^, &c., in the cups a a^ 
and c Cp the required decimal ratio is obtained. The resistance of the wire 
WX would, however, falsify this ratio, and it is eliminated by a simple 
cop|>er rod, which is placed for the purpose between the two cups e e^, and 
maintains the whole wire WX at sensibly one potential. The commutator 
also is useless in measurements of this kind, and should be left untouched in 
the position shown in fig. 1. 

The apparatus exhibited was manufactured for the Committee by Messrs. 
EUiott Brothers, of London^ and gives excellent results. 



SECOND EEPOET— NEWCASTLE-ON-TTNE, AUGUST 26, 1863. 

Membebs of the Committee : — Professor "Wheatstone, E.E.S., Professor Wil- 
liamson, P.E.S., Mr. C. F. Yarley, Professor Thomson, F.E.S., Mr. Balfour 
Stewart, F.E.S., Mr. C. W. Siemens, F.E.S., Dr. A. Matthiessen, F.E.S., 
Professor Maxwell, F.E.S., Professor Miller, r.E.S., Dr. Joule, F.E.S., 
Mr. Fleeming Jenkin, F.E-S., Dr. Esselbach, Sir. C. Bright. 

The Committee on Electrical Measurements, appointed in 1862, have not 
confined their attention to determining the best unit of electrical resistance, 
the point to which the duties of the Committee of 1861 were nominally re- 
stricted, but have viewed this comparatively limited question as one part only 
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of the much larger subject of general electrical measurement. The Committee, 
after mature consideration, are of opinion that the system of so-called abso- 
lute electrical units, based on purely mechanical measurements, is not only 
the best system yet proposed, but is the only one consistent with our present 
knowledge both of the relations existing between the various electrical phe- 
nomena and of the connexion between these and the fundamental measure- 
ments of time, space, and mass. The only hesitation felt by the Committee 
was caused by doubts as to the degree of accuracy with which this admirable 
system could be or had been reduced to practice. 

The measurements of voltaic currents, electromotive force, and quantity 
would offer little difficulty, provided only electrical resistance could be mea- 
sured in absolute units ; and for this purpose it would be sufficient that the 
resistance of a single standard conductor should be so determined, since copies 
of this standard could be multiplied at will with any desired precision, and 
from comparison with these copies the absolute resistance of any circuit what- 
ever could be obtained by methods requiring comparatively little skill and 
well known to all electricians. The practical adoption of the absolute system, 
was felt therefore to depend on the accuracy with which the absolute resist- 
ance of some one standard conductor could be measured ; and while doubts 
existed on this point, it was thought premature to make any extended expe- 
riments on the application of the absolute system to voltaic currents, electro- 
motive force, or quantity. The Committee are happy to report that these 
doubts have been dispelled by the success of the experiments made for the 
Committee by Professor J. Clerk Maxwell, Mr. Balfour Stewart, and Mr. 
Pleeming Jenkin, according to the method devised by Professor W. Thomson. 
These experiments have been actively prosecuted at King's College for the 
last five months with continually increasing success, as, one by one, successive 
mechanical«and electrical improvements have been introduced, and the various 
sources of error discovered and eliminated. 

The Subcommittee are confident that considerably greater accuracy can 
yet be obtained by the further removal of slight defects, the importance of 
which only became apparent when the main difficulties had been overcome. 
In order, therefore, to secure the best attainable result, and still further to 
test the accuracy and concordance of the experiments before taking any irre- 
vocable step, the Committee have decided not to issue standard coils at the 
present Meeting ; but the results already obtained leave no room for doubt 
that the absolute system may be adopted, and that the final standard of re- 
sistance may be constructed without any serious delay. Over-haste might 
eventually entail corrections as inconvenient as those which would follow an 
arbitrary and unscientific choice of units, and the very experiments made by 
the Subcommittee prove that the hesitation of many to adopt the absolute 
units as hitherto determined was well founded. It is certain that resistance- 
coils purporting to have been constructed from previous absolute determina- 
tions do not agree one with another within 7, 8, or even 12 per cent. 

Before further alluding to the results obtained by the Subcommittee, it is 
desirable that the experiments themselves should be imderstood ; and to this 
end the Committee have thought fit that a full explanation of the meaning of 
absolute measurement, and of the principles by which absolute electrical units 
are determined, should form part of the present Report, especially as the only 
information on the subject now extant is scattered in detached papers by 
Weber, Thomson, Helmholtz, and others, requiring considerable labour to 
collect and understand. In order to make this account as clear as possible, it 
has been thought best to disregard entirely the chronological order of the 



41 

discoveries and writings on which the absohite system is founded ; and thid 
has rendered it very difficult to refer to the original source of each statement 
or conclusion. In the Appendix (C) this want is, it is hoped, remedied. 

The word " absolute " in the present sense is used as opposed to the word 
" relative," and by no means implies that the measurement is accurately 
made, or that the unit employed is of perfect construction ; in other words, it 
does not mean that the measurements or units are absolutely correct, but only 
that the measurement, instead of being a simple comparison with an arbitrary 
quantity of the same kind as that measured, is made by reference to certain 
fundamental units of another kind treated as postulates. An example will 
make this clearer. When the power exerted by an engine is expressed as 
equal to the power of so many horses, the measurement is not what is called 
absolute ; it is simply the comparison of one power with another arbitrarily 
selected, without reference to units of space, mass, or time, although these 
ideas are necessarily involved in any idea of work. Nor would this measure- 
ment be at all more absolute if some particular horse coidd be found who was 
always in exactly the same condition and could do exactly the same quantity 
of work in an hour at all times. The foot-pound, on the other hand, is one 
derived unit of work, and the power of an engine when expressed in foot- 
pounds is measured in a kind of absolute measurement, i. e. not by reference 
to another source of power, such as a horse or a man, but by reference to the 
units of weight and length simply — units which have been long in general 
use, and may be treated as fundamental. In this illustration, chopen for its 
simplicity, the unit of force is assumed as fundamental, and as equal to that 
exerted by gravitation on the unit mass ; but this force is itself arbitrarily 
chosen, and is inconstant, depending on the latitude of the place of the 
experiment. 

In true absolute measurement the unit of force is defined as the force 
capable of producing the unit velocity in the unit of mass when it has acted 
on it for the unit of time. Hence this force acting through the unit of space 
performs the absolute unit of work. In these two definitions, time, mass, and 
space are alone involved ; and the units in which these are measured, L e. the 
second, gramme, and metre, will alone, in what follows, be considered as funda- 
mental units. Still simpler examples of absolute and non-absolute measure- 
ments may be taken from the standards of capacity. The gallon is an arbi- 
trary or non-absolute unit. The cubic foot and the litre or cubic decimetre 
are absolute units. In fine, the word absolute is intended to convey the idea 
that the natural connexion between one kind of magnitude and another has 
been attended to, and that all the units form part of a coherent system. It 
appears probable that the name of " derived units " would more readily convey 
the required idea than the word ** absolute," or the name of mechanical units 
might have been adopted ; but when a word has once been generally accepted, 
it is undesirable to introduce a new word to express the same idea. The ob- 
ject or use of the absolute system of units may be expressed by saying that 
it avoids useless coefiicients in passing from one kind of measurement to 
another. Thus, in calculating the contents of a tank, if the dimensions are in 
feet, the cubic contents are given in cubic feet, without the introduction of any 
coefficient or divisor ; but to obtain the contents in gallons, the divisor 6*25 
is required. If the power of an engine is to be deduced from the pressure on 
the piston and its speed, it is given in foot-pounds or metre-kilogrammes per 
second by a simple multiplication ; to obtain it in horse-power, the coefficients 
.^4-^ or -^ must be used. "No doubt all the natural relations between the 
various magnitudes to be measured may be expressed and made use of, how* 
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ever orbitifury and inooherent the units maj be« Nevertheless the intrp- 
ductLon of the numerous factors then required in every calculation is a yery 
serious annoyance ; and moreover, where the relations between various kinds 
of measurement are not immediately apparent, the use of the coherent or ab- 
solute system will lead much more rapidly to a general knowledge of these 
relations than the mere publication of formulas. 

The absolute system is, however, not only the best practical system, but 
it is the only rational system. Every one will readUy perceive the absurdity 
of attempting to teach geometry with a unit of capacity so defined that the 
contents of a cube should be 6| times the arithmetical cube of one side, or 
with a unit of surface of such dimensions that the surface of a rectangle 
would be equal to 0*000023 times the product of its sides ; but geometry so 
taught would not be one whit more absurd than the science of electricity 
would become unless the absolute system of units were adopted. 

In determining the unit of electrical resistance and the other [electrical 
units, we must simply foUow the natural relation existing between the various 
electrical quantities, and between these and the fandamental units of time, 
mass, and space. The electrical phenomena susceptible of measurement are 
four in number — current, electromotive force, resistance, and quantity. The 
definitions of these need not now be given, but will be found in the Appen- 
dix (C. §§ 14, 15, 16, and 17). Their relations one to another are extremely 
simple, and may be expressed by two equations. 

JFirst, by Ohm's law, experimentally determined, we have the equation 

E 
K 

where C= current, E= electromotive force, and E= resistance. From this 
formula it follows that the unit electromotive force must produce the unit 
current in a circuit of unit resistance ; for if imits were chosen bearing any 

E ^ 

other relation to each other, C. would be equal to x^, where x would be a 

useless and absurd factor, complicating all calculation, and confusing the very 
simple conception of the relation established by Ohm's law. 

Secondly, it has been experimentally proved by Dr. Earaday that the 
statical quantity of electricity conveyed by any given current is simply pro- 
portional to the strength of the current, whether electro-magneticaUy or 
electro-chemioaUy measured, and to the time during which it flows ; hence, in 
mathematical language, we have the equation 

Q=C«, (2) 

where t = time, and Q &s quantity. From this equation it follows that the unit 
of quantity must be the quantity conveyed by the imit current in the unit of 
time ; otherwise we should have Q^yCt, where y would be a second use- 
less and absurd coefficient. Erom equations (1) and (2) it follows that only 
two of the electrical units could be arbitrarily chosen, even if the natural 
relation between electrical and mechanical measurements were disregarded. 
Thus if the electromotive force of a DanieU's cell were taken as the unit of 
electromotive force, and the resistance of a metre of mercury of one milli- 
metre section at 0° were taken as the unit of resistance, it would follow from 
equations (1) and (2) that the unit of current must be that which would be 
produced by the DanieU's cell in a circuit of the above resistance, and the 
unit of quantity would be the quantity conveyed by that current in a second 
of time. Such a system would be coherent; and if aU mechanical, chemical^ 
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9nd theimal effects produced by electricity could be neglected^ such a syBtem 
migbt perhaps be called absolute. But all our knowledge of electricity i^ 
derived from the mechanical, chemical, and thermal effects which it pro-* 
duces, and these effects cannot be ignored in a true absolute system. Che- 
mical and thermal effects are, however, now all measured by reference to the 
mechanical unit of work ; and therefore, in forming a coherent electrical 
system, the chemical and thermal effects may be neglected, and it is only 
necessary to attend to the connexion between electrical magnitudes and the 
mechanical units. What, then, are the mechanical effects observed in con- 
nexion with electricity ? Pirst, it has been proved that whenever a current 
flows through any circuit it performs work, or produces heat or chemical 
action equivalent to work. This work or its equivalent was experimentally 
proved by Dr. Joule to be directly proportional to the square of the current, 
to the time during which it acts, and to the resistance of the circuit ; and it 
depends on these magnitudes only. In mathematical language this is ex*. 
pressed by the equation 

W=C2iU, (3) 

where' "W'=tlie work equivalent to aU the effects produced in the circuit, and 
the other letters retain their previous signification. This is the third funda- 
mental equation affecting the four electrical quantities, and represents the 
most important connexion between them and the mechanical imits. From 
equation (3) it follows (unless another absurd coefficeint be introduced) that 
the unit current flowing for a unit of time through a circuit of unit re- 
sistance wiU perform a unit of work or its equivalent. If every relation 
existing between electrical and mechanical measurements were expressed by 
the three fundamental equations now given, they would still leave the series 
of units undefined, and one unit might be arbitrarily chosen from which the 
three other units would be deduced by the three equations ; but these three 
equations by no means exhaust the natural relations between mechanical and 
electrical measurements. For instance, it is observed that two equal and 
similar quantities of electricity collected in two points repel one another with 
a force (F) directly proportional to the quantity Q, and inversely to the 
square of lie distance (d) between the points. This gives the equation 

from which it would foUow that the unit quantity should be that which at 
a unit distance repels a similar and equal quantity with unit force. The 
four equations now given are sufficient to measure all electrical phenomena 
by reference to time, mass, and space only, or, in other words, to determine 
the four electrical units by reference to mechanical units. Equation (4) at 
once determines the unit of quantity, which, by equation (2), determines the 
unit current ; the imit of resistance is then determined by equation (3), and the 
unit electromotive force by equation (1). Here, then, is one absolute or cohe- 
rent system, starting from an effect produced by electricity when at rest. The 
units based on these four equations are precisely those called by Weber elec- 
trostatical units, although it may be observed that he chose those units 
without reference to what is here called the third fundamental equation, or, 
in other words, without reference to the idea of work, introduced into the 
system by Thomson and Helmholtz*. 

The four equations are sufficient to determine the four units, and into this 
system no new relation can be introduced. The first three equations may, 

* Vide Appendix 0, § 31. 
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however, he retained, and a distinct absolute system established by substi- 
tuting some other relation between electrical and mechanical magnitudes 
than is expressed in equation (4) ; and, indeed, the electrostatical system just 
defined is not that which will be found most generally useful. It is based on. 
a statical phenomenon, whereas at present the chief applications of electricity 
are dynamic, depending on electricity in motion, or on voltaic currents with 
their accompanying electro-magnetic effects. Now the force exerted on the 
pole of a magnet by a current in its neighbourhood is a purely mechanical 
phenomenon. This force (/) is proportional to the magnetic strength (m) of 
the pole of the magnet, and to the strength of the current C ; and if the con- 
ductor be at all points equidistant from the pole, or, in other words, be beat 
in a circle of the radius h round the pole, the force is proportional to the 
length of the conductor (L) ; it is also inversely proportional to the square of 
the distance (h) of the pole from the conductor, and is affected by no other 
circumstances than those named. Hence we have 

/=^ (5) 

Prom this equation it follows that the unit length of the unit current must 
produce the unit force on a unit pole at the unit distance. If the equations 
(1), (2), (3), and (5) are adopted as fundamental, they give a distinct absolute 
system of units, called by Weber the electro-magnetic units. Equations (4) 
and (5) are incompatible one with another, if equation (2) be considered 
fundamental ; but the electro-magnetic units have a constant and natural rela- 
tion to the electrostatic units. It will be seen that in the fundamental equa- 
tion (5) of the electro-magnetic system, besides the measurement of time, space, 
and mass, alone entering into the other equations, a fourth measurement (ni) 
of a magnetic pole is required ; but this measurement is in itself made in. 
terms of the mechanical units, for the unit pole is simply that which repels 
another equal pole at unit distance with unit force. Thus in the electro- 
magnetic as in the electrostatic system all measurements are ultimately 
referred to the fundamental units of time, space, and mass. The electro- 
magnetic units are found much the more convenient when dealing, as we have 
now chiefly occasion to do, with electro-magnetic phenomena. 

The relations of the electro-magnetic units one to another and to the 
mechanical units may be summed up as follows ; — ^The unit current conveys 
a unit quantity of electricity through the circuit in a unit of time. The unit 
current in a conductor of unit resistance produces an effect equivalent to the 
unit of work in the unit of time. The unit current will be produced in a 
circuit of unit resistance by the unit electromotive force. The unit current 
flowing through a conductor of unit length will exert the unit force on a unit 
pole at unit distance. (In the electrostatic system all the above propositions 
hold good except the last, for which the following must be substituted : — the 
unit quantity of electricity will repel a similar quantity at the unit distance 
with unit force.) 

It remains to be explained how electrical measurements can be practically 
made in electro-magnetic units. Of all the magnitudes, currents are the most 
easily measured, provided the horizontal force (H) of the earth's magnetism be 
known. Let a length (L) of wire be wound so as to form a circular coil of 
small section as compared with its radius (k). 

Let a short magnet be hung in the centre of the coil placed in the 
magnetic meridian^ as in the ordinary tangent galvanometer^ and let the 
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deflection produced by the current C be called d, then it is easily* proved 
from the fundamental equation (5) that 

^' — y-tana (6) 

Thus, where the value of H is known, a tangent galvanometer only is required 
to determine the magnitude of a current in electro-magnetic absolute mea- 
surement, although neither the resistance of the circuit nor the electromotive 
force producing the current may be known. The measurement of quantity 
can be obtained from that of a current by a make-and-break apparatus, or 
" Wippe," in a well-known manner, or by measuring the swing of a galvano- 
meter-needle when a single instantaneous discharge is allowed to pass through 
it (Appendix C, § 25). If, therefore, we could measure resistance in abso- 
lute measure, the whole system of practical absolute measurement would be 
complete, since, when the current and resistance are known, equation (1) 
(Ohm's law) directly gives the electromotive force producing the current. 
The object of the experiments of the Subcommittee (made at King's College, 
by the kind permission of the Principal) was therefore to determine, in the 
absolute system, the resistance of a certain piece of wire, in order from this 
one careful determination to construct the material representative of the 
absolute unit with which all other resistances would bo compared by well- 
known methods. 

There are several means by which the absolute resistance of a wire can 
be measured. Starting from equation (3), Professor Thomson, in 1851, deter- 
mined the absolute resistance of a wire by means of Dr. Joule's experimental 
measurement of the heat developed in the wire by a current f ; and by this 
method he obtained a result which agrees within about 5 per cent, with our 
latest experiments. This method is the simplest of all, so far as the mental 
conception is concerned, and is probably susceptible of very considerable 
accuracy. 

. Indirect methods depending on the electromotive force induced in a wire 
moving across a magnetic field have, however, now been more accurately 
applied ; but, before describing these methods, it will be necessary to point 
out the connexion between the electromotive force induced in the above 
manner and the fundamental equations adopted for the absolute system. The 
exact sense in which the terms are employed is defined in the accompanying 
footnote, along with some simple corollaries from those definitions J. 

* The resultant electro-magnetic force (/) exerted at the centre of the coil by a current (C) 
will, by equation (6), hef^-^, and the short magnet hung in the centre will experience a 

couple acting in a direction perpendicular to the plane of the coil equal to ^ , where 

ml = the product of the strength of one of the poles into the length of the magnet, or, in 
other words, its magnetic moment. The strength of the couple acting perpendicularly 
to the axis of the magnet, when it has deflected to an angle rf under the influence of the 

current, will he cos d — p— ; at the same ime the equal and opposite couple exerted on 

the magnet by the earth's magnetism will he Bind Uml ; hence 

« 'EP Bind H^\_^ 
L cos a Jj 

t Phil. Mag. vol. ii. ser. 4, 1851, p. 551. 

X Definition 1. — A magnetic field is any space In the neighboui^hood of a magnet. 
Definition 2. — ^The unit magnetic pole is that which, at a unit distance from a similai* 
pole, is repelled with unit force. 
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A cnrrent (C) in a straiglit conductor of length (L) crossing l^e lines of 
force of a magnetic field of the intensity (S) at right angles will experience the 
same force (/) as if all the points of the conductor were at the unit distance 
from a pole pf the strength .(S)^ The force in this case exerted on the magnet 
is, by equation (5), equal to SLC, and, conversely, an equal force is exerted by 
the magnet on the current. Hence we have equation (7), expressing the value 
of the force (/) exerted on a current crossing a magnetic field at right angles, 

/=SLC. . (7) 

Let us imagine this straight conductor to have its two ends resting on two 
conducting-rails of large section in connexion with the earth, and let the whole 
sensible resistance (R) of the circuit thus formed be constant for all positions 
of the conductor. Let us further imagine the rails so placed that when the 
conductor slips along them it moves perpendicularly to the magnetic lines of 
force and to its own length. By experiment we know that when the con- 
ductor is moved along the rails cutting these lines of force, a current will be 
developed in the circuit, and that the action of the magnetic force on this 
current will cause a resistance (/) to the motion (due to electro-magnetic 
causes only) ; and, by equation (7), we find that this resistance /=:SLO. 

Let the motion be uniform, and its velocity be called V ; and let the work 
done in the unit of time in overcoming the resistance to motion due to elec- 
tro-magnetic causes be called W ; then "Ws VSLC. But this force produces 
no other effect than the current, and the work done by the current must 
therefore be=W, or equivalent to that done in moving the conductor against 
the force/; but, by equation (3), 'W=C*R, and hence 

B=™U (8, 

Definition 3. — The intensity of a magnetic field at any point is equal to the force which 
the unit pole would experience at that point. 

Corollary 1. — A pole of given strength (S) will produce a magnetic field which (if un- 
influenced by other magnetic forces) will at the unit distance from the pole be of the in- 
tensity S, i. e. numerically equal to the strength of the pole ; for, at that distance, the force 
exerted on a unit pole would, by def. 2, be equal to S, and hence, by def. 3, the intensity 
of the magnetic field at that point would be equal to S. 

Definition 4. — ^The direction of the force in the field is the direction in which any pole 
is urged by the magnetism of the field ; this is the direction which a short, balanced, freely 
suspended magnet would assume. 

Bemark, — The properties of a magnetic field, as shown by Dr. Faraday, may be con- 
veniently and accurately conceived as represented by lines of force (each line representing 
a force of constant intensity). The direction of the lines will indicate the direction of the 
force at all points ; and the number of lines which pass through the unit area of cross sec- 
tion will represent the magnetic intensity of the field resolved perpendicularly to that area. 

Definition 6. — ^A uniform magnetic field is one in which the intensity is equal through- 
out, and hence, as demonstrated by Professor W. Thomson, the lines of force parallel. 

Example. — ^The earth is a great magnet. The instrument-room, where experiments are 
tried, is a magnetic field. The dipping-needle is an instrument by which the direction of the 
lines of force is found. The intensity of the field is found by a method described in the 
* Admiralty Manual,* 3rd edit., article ** Terrestrial Magnetism." The number of lines of 
force passmg through the unit of area perpendicularly to the dipping-needle in the room 
must De conceived as proportional to this intensity, and the direction to correspond with 
that of the dipping-needle. The magnitude and direction of the earth's force at a point 
are generally expressed by resolving it into two components, one horizontal and the other 
vertical. The mean horizontal component in England for 1862 was at Kew =s 3*8154: 
British units, or 1*7592 metrical ; *. e. a unit pole weighing one gramme, and free to move 
in a horizontal plane, would, under the action of the earth's horizontal force, acquire^.at 
the end of a second; a vielocity equal to 1*7592 metres per second. ( Vide also Appendix C, 
§§ 5 to 12.) If the centimetre is taken as the fundamental unit of length, *17592 will be 
the mean value of the horizontal force. 
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It has already been shown that G and S can be obtained in absolute mea- 
sure; heoce the second member of equation (8) contains no unknown quantities, 
and, by the experiment described, tie absolute resistance (E) of a wire might 
be determined. One curious consequence of these considerations is, that the 
resistance of a conductor in absolute measure is really expressed by a velo- 
city ; for,- by equation (8), when SL=C we have K= Y, that is to say, the 
resistance of a conductor may be expressed or dei&ned as equal to the velocity 
with which it must move, if placed in the conditions described, in order to 
generate a current equal to the product of the length of the conductor into 
the intensity of the magnetic field ; or more simply, the resistance of a circuit 
is the velocity with which a conductor of unit lengtii must move across a mag- 
netic field of unit intensity in order to generate a unit current in the circuit. 
Moreover it can be shown that this velocity is independent of the magnitude 
of the fundamental units on which the expression of the magnetic intensity of 
the field or strength of the current is based, and hence that electrical resist-^ 
ance really is measured by an absolute velocity in nature, quite independently 
of the units of time and space in which it is expressed (Appendix C, § 39). By 

VST E 

equation (8) we have C= ^5—, but by equation (1) 0=:^, hence 

E«YSL; (9) 

that is to say, the electromotive force produced between two ends of a 
straight conductor moved perpendicularly to its own length and to the lines 
of force of a magnetic field is equal to the product of the intensity of the 
field into the length of the conductor and the velocity of the motion ; or, more 
simply, the unit length of a conductor moving with unit velocity perpendicu- 
larly across the lines of force of a magnetic field will produce a unit electro- 
motive force (or difference of potential) between its two ends. This was by 
Weber made a fundamental equation, in place of equation (3), first shown 
by Thomson and Helmholtz to be consistent with Weber's electro-magnetic 
equation. These simple and beautiful relations between inductive effects and 
the simple voltaic effects first described are well adapted to show the rational 
and coherent character of the absolute system. 

The experiment last described, as a method of fiuding the absolute resistance 
of a conductor by measuring the velocity of motion of a straight wire, would 
be barely practicable ; but it will be easily understood that we can, by cal- 
culation, pass from this simple case to the more complex case of a circular 
coil of known dimensions revolving with known velocity about an axis in a 
magnetic field of known intensity. Weber, from these elements, determined 
the absolute resistance of many wires; but this method requires that the 
intensity of the magnetic field be known; and the determination of this 
element is laborious, while its value, for the earth at least, is very in- 
constant. A method due to Professor Thomson, by which a knowledge of 
this element is rendered unnecessary, has therefore been adopted in the 
experiments of the Subcommittee at King's College. In this plan a small 
magnet, screened from the effect of the air, is hung at the centre of a 
revolving coil, which is divided into two parts to allow the suspending fibre 
to pass freely. 

By calculation it can be shown that when the coil revolves round a vertical 
axis, the couple exerted on a magnetic needle of the moment mZ, when deflected 

to the anglecZ, will be . mlcoBd, 
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- The equal and opposite couple caused by the earth's magnetism i¥iU be 
"S-tnl sin d. Hence 

or R=^!lL- (10) 

an equation firom which the earth's magnetic force and the moment of the sus- 
pended magnet have been eliminated, and by which the absolute resistance 
(11) can be calculated in terms of the length (L), the velocity (V), the radius (1-), 
and the deflection (d). The resistance thus calculated is expressed in electro- 
magnetic absolute units, because equation (10) is a simple consequence of equa- 
tions (1), C3^,and (5) — ^fundamental equations in the electro-magnetic system. 
The essence of Professor Thomson's method consists in substituting, by aid 
of the laws of electro-magnetic induction, the measurements of a velocity and 
a deflection for the more complex and therefore less accurate measurements 
of work and force required in the simple fundamental equations. But, how- 
ever simple in theory the method may be, the practical determination of the 
absolute resistance of a conductor by its means required great care and very 
numerous precautions, — some of an obvious character, while the need of others 
only became apparent during ihe course of the experiments. 

The apparatus consisted of two circular coik of copper wire, about one foot 
in diameter, placed side by side, and connected in series ; these coils revolved 
on a vertical axis, and were driven by a belt from a hand-winch, fitl-ed 
with Huyghens's gear to produce a sensibly constant driving-power. A small 
magnet, with a mirror attached, was hung in the centre of the two coils, and the 
deflections of this magnet were read by a telescope from the reflection of a scale 
in the mirror. A frictional governor controlled the speed of the revolving 
coil. The details and a drawing of the apparatus are given in Appendix D 
and Plate II. ; but a short account may fitly be given here of the points of 
chief practical importance, the difficulties encountered, and the improvements 
still desirable. 

It is essential that the dimensions of the coil be very accurately known, 
that the axis on which it revolves should be truly vertical, and that, except 
in the coil itself, no currents affecting the position of the magnet be induced 
in any part of the apparatus. To measure the angular deflection the 
distance of the scale from the mirror is required, and the scale must be truly 
perpendicular to the line joining its middle point with the suspension- 
fibre. All these conditions were fulfilled without difficulty; but the scale 
by the reflection of which the deflections were measured was, towards the 
end of the experiments, found not to be very accurately divided ; and 
although a correction for this inaccuracy has been applied in the calculations, 
an improvement can in future experiments be effected by the use of a more 
perfect scale. The magnet was suspended by a single silk fibre, eight feet 
long, inside a wooden case, and by suitable adjustments was brought very 
carefully to the centre of the coils. The whole suspended system was so 
screened from currents of air, and so well protected from vibration, that when 
the coil revolved at its full speed of 350 revolutions per minute, the reflection 
in the mirror was as clear and undisturbed as when the coil was at rest. 
The torsion of the long fibre was determined by experiment, and the slight 
necessary corrections applied in the calculations. The Huyghens's gearing for 
the driving hand- winch was somewhat roughly constructed, and could certainly 
be improved ; nevertheless there was little difficulty in maintaining a sensibly 
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constant driving-power for twenty minutes at a time. The speed of the coil 
was controlled by a frictional governor of novel form, designed by Mr. Jenkin 
for another purpose, and lent for the experiments in question. The action of 
this governor, combined with that of the driving-gear, was such that in many 
experiments the oscillations in deflection due to a change of speed were not 
so great as those due to the passage of steamers in the river when all parts of 
the apparatus were at rest ; so that the deflections during twenty minutes 
could be quite as accurately observed as the slightly imperfect zero-point 
from which they were measured. Still better results are expected with a 
larger governor, made specially for the apparatus, on the joint plans of Pro- 
fessor Thomson and Mr. Jenkin. The oscillations produced by the passage 
of steamers on the Thames at no great distance from the place of experiments 
were of very sensible magnitude ; and although by carefully observing the 
limit of every oscillation during every experiment the error due to this cause 
was in great part eliminated, it is desirable that any future experiments should 
be conducted in some spot free from all local magnetic disturbance. 

The speed of the coil was determined by observing on a chronometer the 
instant at which a small gong was struck by a detent released once in every 
hundred revolutions. Mr. Balfour Stewart's skill in this kind of observation 
enabled him thus to determine the velocity with great accuracy, especially 
as the observations frequently lasted for twenty minutes without material 
alteration in the speed. 

During the operation of coiKng the wire, the circumference of the core 
and of each successive layer was carefully measured by means of a steel 
riband applied first to the coil, and then to a standard scale, allowance being 
made for the half thickness of the steel. From this the mean radius and depth 
of the coil and the effective length of the wire were determined. It was 
considered advisable, however, in order to check any error in counting the 
number of windings of the coil, to measure the length of the wire when un- 
coiled. This was effected without stretching the wire, in a manner amusing 
from its simplicity. At the conclusion of the experiments, the wire to be mea- 
sured was uncoiled in the Museum at King's College and lay in awkward 
bends on the planked floor. The straight planks formed an obvious contrast 
to the crooked wire, and a joint between the planks was found where the 
opening was just sufficient to hold the wire when pushed into this little 
groove. Held in this way, the wire when measured was quite straight, and 
yet was never stretched. 

"No other measurements than those already described are required by the 
simple theory ; but this theory, as hitherto stated, stands in need of various 
slight corrections. The currents induced by the earth's magnetism are modi- 
fied by the currents induced by the little suspended magnet, and also by 
the induction of the coU on itself. The force deflecting the magnet is also 
modified by the lateral distance of the coils from the vertical axis. An ela- 
borate analysis of the corrections required on these grounds was made by 
Professor Maxwell (Appendix D), and to aUow of these corrections, the mo- 
ment of the suspended magnet was measured, and the position of every turn 
of the copper coil carefiilly observed. An experimental determination of the 
induction of the coil on itself, by a method due to Professor Maxwell, agreed 
with the calculated correction within one quarter per cent. 

The resistance of the copper coil measured by these laborious experiments 
varied each day, and during each day, according to the temperature ; and, 
moreover, this temperature could at no time be determined with sufficient ac- 
curacy. It was therefore intended that at each experiment a small German- 

E 
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Bilyer coil, at a known temperature, should have been prepared exactly equal 
in resistance to the copper coil during that experiment, and these small coils 
were to have been kept as permanent records of the resistance of the copper coil 
on each occasion ; but this resistance was found to vary so rapidly that the 
little copies could not be accurately adjusted with sufficient rapidity, and the 
resistance of the copper coil was therefore simply measured at the beginniDg 
and end of each experiment, in terms of an arbitrary unit. This propor- 
tional measurement was made with rapidity and precision by a new method, 
which, it is belieyedy is superior to the usual plan depending on the division 
or calibration of a comparatively short wire in the Wheatstone balance. (Ap- 
pendix D, Part II.) 

One unforeseen difficulty was caused by the change of direction of the 
earth's magnetic force during each experiment. Our method is indeed inde- 
pendent of the intensity of the earth's magnetism, but depends essentially on 
its direction, since it depends on the value of a deflection from the magnetic 
meridian. When this source of error was discovered by the continual and 
gradual change of zero observed, the absolute time of each experiment was 
noted, and a continuous correction obtained from the contemporaneous records 
at Kew, which agreed closely with the total changes observed at the beginning 
and end of each experiment. As the change of zero frequently reached three 
or four divisions in the course of the day, and as the whole deflection seldom 
exceeded. 300 divisions, the importance of this correction is apparent. 
. The presence of stationary masses of iron does not affect the experiments 
injuriously, so long as the uniformity of the magnetic field in which the coil 
revolves is undisturbed — a point carefully tested before the experiments 
began ; but a change in the position of iron in the neighbourhood during any 
experiment produces a corresponding error in the result, and the serious 
effect of moving very small masses of iron at a great distance from the coil 
was only folly appreciated in the later experiments. 

When it is considered that the method described is the simplest known, the 
discrepancy between the few determinations hitherto made in absolute mea- 
surement will cause no surprise. The time, labour, and money required 
could hardly be expected to be given by any one person, and in researches of 
this kind the value of the cooperation secured by the committees of the 
Association is especially evident. 

The absolute unit of the Subcommittee is about eight per cent, larger than 
the unit as derived from a German-silver coil lately measured by Professor 
Weber. It is about six and a half per cent, larger than the unit as derived 
from a value published by Professor Weber of Dr. Siemens's mercury units. 
It is about five per cent, smaller than the unit as derived from coils issued by 
Professor Thomson in 1858, based on Jacobi's standard and a previous deter- 
mination by Professor Weber. It is about five per cent smaller than Thom- 
son's determination from Joule's silver wire. It agrees most closely with an 
old determination of a copper standard made by Weber for Professor Thomson^ 
which it exceeds by only a very small fraction. 

The experiments of the Subcommittee agree much better than the above 
one with another. Owing to the gradual improvement in the method and 
apparatus, the experiments of the last three days are alone considered satis- 
factory. On the first day the maximum deviation in six distinct experiments 
from their mean result was 2*4 per cent. On the second day the maximum 
deviation in four experiments from their mean was 1-3 per cent. On the 
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third day the maximum deviation in five experiments from their mean was 
1'15 per cent. The maximum deviation in the means of the three days' ex- 
periments from the mean of the whole is only four tenths per cent. 

These results are not unsatisfactory, and are perhaps more accurate than 
any measurement yet made of the relative values of heat and work — a mea- 
surement corresponding to a great extent in its nature with that undertaken by 
the Committee. Nevertheless, coii^sidering the discrepancy of the various 
independent results, the Committee are of opinion that it is essential that 
the results of the Subcommittee should be checked by a fresh series of expe- 
riments with a new coil in a distinct place, when every separate measure- 
ment will necessarily be repeated. The Subcommittee especially urge the 
repetition of the experiments, as with the improvements already enume- 
rated, and other minor alterations, they confidently expect a considerably closer 
approximation to the absolute unit than they have hitherto obtained. It wiU be 
well here to remark that, according to the resolution of the Committee of 1861, 
the coils, when issued, will not be called absolute units, but the units of the 
British Association ; so that any subsequent improvement in experimental 
absolute measurement will not entail a change in the standard, but only a 
trifling correction in those calculations which involve the correlation of the 
physical forces. 

It is now time to leave the question of absolute measurement and pass to 
some of the other points under the consideration of the Committee. Dr. 
Matthiessen has, by careful experiment, proved the permanence for a year at 
least of the electrical resistance of certain wires ; but he has detected a change 
in others, due, apparently, to the influence of time. Certain specimens of 
silver, gold, and copper have varied ; but other specimens of the same metals 
have remained constant. All the specimens of platinum and gold^silver alloy 
have remained constant, and all the specimens of German silver have changed 
considerably. It is proposed to continue and extend these experiments, and 
it is much to be hoped that the defect observed in the German silver tested 
will not be found common to aU the varieties of this alloy, in other respects so 
well adapted for the construction of resistanee-ooils. Dr. Katthiessen found 
no difference in the resistance of wires of any of the above metals before and 
after the passage of a powerful current transmitted through them continually 
for a fortnight. The details of these experiments are given in Appendix A» 
Dr. Matthiessen has also continued his experiments with the object of find- 
ing an alloy with a minimum variation of resistance due to change of tem- 
perature, but has been unable to produce a wire superior in this respect 
to the silver-platinum alloy mentioned in Appendix A of the Keport of 
last year, as decreasing in conducting power 3*1 per cent, between 0° and 
100° Centigrade. German silver was found to decrease under the same cir- 
cumstances 4'4 per cent. 

The valuable experiments by Mr. Babine, for Dr. Werner Siemens of Berlin, 
on the reproduction of standards by means of mercury, although not under- 
taken for the Committee, yet bear so directiy on the subject before them that 
the results cannot be allowed to pass unmentioned. Dr. Siemens has con- 
clusively proved that he can, in his laboratory, reproduce a standard by means 
of mercury with an error of less then O'Oo per cent. This admirable result, 
while it seriously affects the question of the best material for the construction 
and reproduction of the standard, leaves, of course, the question of the best 
magnitude for the standard quite untouched. Dr. Matthiessen thinks that 
several of the solid metals are equally fitted for the purposes of reproduc- 
tion, and, if aided by the Association, is disposed to put his conviction to 
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experimental proof. It is especially desirable that the various methods pro- 
posed should be tested by the concordance of the results obtained from a 
number of independent observers. 

With reference to the construction of the material standard, it is proposed 
that the British- Association unit shall be represented by several equal stan- 
dards made of the different metals, which, so far as our limited experience 
goes, show the greatest signs of constancy. Two at least of those standards 
would be made of mercury, in the manner proposed by Dr. Siemens. The 
permanent agreement between several of these standards would afford the 
strongest possible proof of their constancy. 

Passing to other electrical measurements, the Committee have to report that 
Professor W. Thomson has successfully constructed a material standard gauge 
by which electromotive force or difference of potentials can be directly mea- 
sured. This instrument is founded on a measurement of the electrical attrac- 
tion exerted on a small movable portion of a large conducting-plane by 
another lai^e parallel plane fixed at a constant distance, and electrified to a 
different potential. The force exerted is ultimately measured by the torsion 
of a platinum wire ; but the difference of potential corresponding to any one 
gauge is simply indicated by the motion of an index to a sighted position. 
If the planes are brought sufficiently close, with a given torsion in the 
platinum wire, the movable piece will be in a condition of unstable equili- 
brium when its index is in the sighted position, but if moved to a greater 
distance the equilibrium will be stable ; hence, by a correct choice of the 
distance between the two planes, or initial torsion in the platinum wire, as 
compared with the difference of potential to be measured, any required 
delicacy of indication is obtained. The constancy of the gauge, like that 
of all standards, depends simply on the constancy of the materials of which 
it is constructed, and there is no reason to apprehend any special difficulty 
in the present case. 

Professor Thomson has also on the same principle constructed an electro- 
meter in which the distance between the parallel planes is made variable, 
and is adjusted by a micrometer-screw. The plane conductor, of which the 
small movable index forms part, is in this instrument permanently main- 
tained at a high potential by connexion with the inner coating of a Leyden 
jar, and the other plane is connected with the body to be tested. Calcula- 
tion, confirmed by experiment, shows that in these instruments the difference 
of potentials between any two bodies, successively tested, is directly pro- 
portional to the difference of the distances between the parallel planes 
required in each case to bring the index to its sighted position. This 
difference of distance is the same whatever be the charge of the Leyden 
jar, provided only it remains constant during the comparison of the two 
bodies. With this limitation, the indications of the instrument may be 
called independent of the charge of the Leyden jar. There can be little 
doubt that gauges of electromotive force and electrometers, fulfilling the 
above conditions, will shortly become as necessary to all practical electricians 
as standards of resistance and sets of resistance-coils. 

"No progress has been made in the measurement of currents, and much 
remains to be done in this respect. The method already described, depending on 
the use of a tangent galvanometer, requires a knowledge of the horizontal force 
of the earth's magnetism, and is, therefore, in most cases beyond the reach of 
observers where greater accuracy is required than can be obtained by taking 
their value from the scientific almanacs. Next year it is hoped that this 
want may be remedied ; and the present Report may fitly conclude by the 
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enumeration of objects to be pursued by the. Committee, if reappointed at the 
present Meeting : — 

1st. The experiments on the determination of the absolute unit of resist- 
ance will be continued. 

2nd. Immediately on the conclusion of these experiments, equal standards, 
constructed of such metals as promise the greatest constancy, will be depo- 
sited at Kew, where the permanence of their equality will be rigorously 
tested. 

3rd. Unit resistance- coils of the best known construction will be issued to 
the public. 

4th. The experiments already begun on the permanence of the electrical 
resistance of wires and alloys imder various circumstances will be continued 
and extended. 

5th. The experiments on the reproduction of standards by chemical means 
will be continued. 

6th. Experiments on the best construction of gauges of electromotive force 
or difference of potential, and on electrometers, wiU be continued. 

7th. A standard galvanometer, for the measurement of currents in absolute 
measure, will be constructed, and electro-dynamometers for the same purpose 
compared with the standard instrument, and issued to the public. 

8th. Experiments on the ratio between the electrostatic units and the 
electro-magnetic units will be undertaken. 

9th. Experiments will be made on the development of heat in conductors 
of known absolute resistance with currents of known absolute magnitude. 
The results of this experiment will give, by equation (3), a new and very 
accurate determination of the mechanical value of the unit of heat. 

The conclusion of the experiments on absolute resistance, and the adoption 
of the absolute system as the basis of aU electrical measurement, will, it is 
hoped^ allow considerable progress to be made in most of these researches. 



Appendix A. — On the Electrical Permanency of Metals and Alloys. 

By A. Matthiessen, F,E,S. 

The following are the results obtained with the metals and alloys described 
in Appendix B of the Report on Standards of Electrical Resistance. by your 
Committee : — 

The wires to be experimented on were — 

1. Silver : hard-drawn 1 p, , /» ^^ ., ^ ^„^,^ .^^^ . .^„^^ 

' c^.-t 1 J ?" Uut irom tne same piece: pure. 

2. Silver : annealed J ^ ^ 

3. Silver : hard-drawn 1 Cut from the same piece, but different 

4. Silver : annealed J from 1 and 2 ; pure. 

5. Copper : hard-drawn j ^^^ ^^^^ ^^^ ^^^^ .^^^ 

6. Copper : annealed J ^ '^ 

7. Copper : hard-drawn 1 Cut from the same piece, but different 

8. Copper : annealed J from 5 and 6 ; pure. 

9- Gold : hard-drawn j Cut from the same piece; pure. 

10. Gold : annealed J ^ ' ^ 

11. Gold : hard- drawn 1 Cut from the same piece, but different 

12^ Gold : annealed J from 9 and 10 ; pure. 
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Cut from the same piece ; commercial. 



13. Platinum: hard-drawn 

14. Platinum : hard-drawn 

15. Gold-silver alloy : hard-drawn 1 Cut from same piece. Made by Messrs. 

16. Gold-silyer aUoy : hard-drawn j Johnson and Matthey. 

17. German silver: annealed. . . . f ^''* ^? ^^^T" ^'^' ^f " ^^ "^ 

18. German silver : annealed. ...\ ""f^ ^*^ ^f«^F '^T^^'i 

19. German silver : annealed . . . . | °«f «" '^"^'^ ^ ^*^ ^^'^ ^' 

[^ rest were compared. 

These were first tested on May 9th, 1862, and at intervals between that 
date and June 14th, 1863, when they were last tested. During the time 
when not used, they were hung up in a room where in the winter a fire was 
kept all day, so that the temperature may have varied at times some 10 or 
12 degrees in the twenty-four hours. 

The following Table contains the results of the first and last comparisons. 
I have taken the conducting power in the first in all cases equal to 100 as 
compared with No. 19; in tiie last I have assumed that the conducting 
power of No. 16 has remained unaltered :— 



1. 

2. 

3. 

4. 

6. 

6. 

7. 

8. 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 



Silyer: hard-drawn 

Silver : annealed 

Silver: hard-drawn 

Silver: annealed 

Copper: hard-drawn 

Copper: annealed 

Copper: hard-drawn » 

Copper: annealed 

Gkld: hard-drawn 

Q-old: annealed 

Gold: hard-drawn 

Gold: annealed 

Platinum : hard-drawn 

Platinum: hard-drawn 

Gold-silver alloy : hard-drawn 
Gk)ld-8ilver alloy : hard-drawn 

German silver : annealed 

German silver : annealed 

German silver : annealed 



Conducting powers foimd, as 
compared with No. 19=100. 



1. 



May 9, 
1862. 



10000 
10000 
10000 
10000 
10000 
100-00 
100-00 
10000 
10000 
10000 
100-00 
10000 
100-00 
10000 
100-00 
100-00 
10000 
100-00 



T. 



20-2 
20-2 
20-2 
20-2 
201 
201 
20-0 
200 
20-0 
20-0 
20-0 
20-0 
20-0 
200 
20-0 
19-9 
20-3 
20-3 



2. 



June 14, 
1863. 



103-700 
99-740 

102-590 
99-825 

100040 
99-807 
99'941 
95-358 
99-838 
99-855 
99-662 
99-670 
99-744 
99-792 
99-793 
99-756 
99-955 
99-938 



T. 



200 
20-1 
20-2 
200 
20-2 
20-0 
19-8 
20-4 
20-2 
20-0 
20-2 
20-3 
20-2 
20-2 
20-2 
20-3 
20-0 
20-0 



Conducting 
power found, as 
compared with 
No. 15^100. 



3. 



103-915 

99-947 

102-807 

100-031 

100-248 

100015 

100149 

95-556 

100045 

100-062 

99-869 

99-877 

99-951 

99-999 

100000 

99-963 

100-162 

100-145 

100-217 



T. 



20-0 
20-1 
20-2 
20-0 
20-2 
200 
19-8 
20-4 
20-2 
200 
20-2 
20-3 
20-2 
20-2 
20-2 
20-3 
20-0 
20-0 
20-2 



From the above it would appear that if the conducting power of No. 19 
has remained constant, that of aU the others has altered ; but supposing 
such to be the case, it will be found on comparing the values that the con- 
ducting powers have all altered in a like extent. Is it probable ? Is it 
not more probable that the conducting power of the German silver has 
changed, than that that of aU the others should have altered in the same 
degree ? If that of the gold-silver alloy (No. 15) be called 100-00 instead of 
99-793, then, as will be seen from column 3, very few show any change in 
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their oonducting power. Thoee which show no sensible change are as 

follows :— 

Values taken from column 3. 

No. 2. Silver : annealed 99-947 

No* 4. Silver : annealed 100-031 

No. 6. Copper : annealed 100-015 

No. 9. Gold : hard-drawn 100*045 

No. 10. Gold: annealed 100-062 

No. 13. Platinum : hard-drawn ; . 99-951 

No. 14. Platinum : hard-drawn 99-999 

No. 15. Gold-silver alloy : hard-draWn . . 100-000 
No. 16. Gold-silver alloy: hard-drawn . . 99-963 

The differences in the above are probably due to temperature ; for as the 
wires are in tubes filled with carbonic-acid gas, we cau never be absolutely 
sure that wire has exactly the same temperature as the bath. In properly 
made resistance-coils this source of error is materially diminished, and in 
some experiments which are about to be made to further test the electrical 
permanency of metals and alloys this source of error will be almost entirely 
obviated. It may be here again mentioned, that the reason of placing the 
wires in glass tubes filled with carbonic-acid gas waa to obviate the oxidation 
of the metal or alloy by the oxygen of the air, or from the acids produced by 
the oxidation of the oil or fat with which the wires are covered when drawn, 
as the holes in the draw-plates are generally oiled or greased, &c. 

Those whose conducting-power has changed are as foUows : — 

Yalues taken from column 3. 

No. 1. Silver : hard-drawn 103-915 

No. 3. Silver : hard-drawn 102-807 

No. 5. Copper : hard-drawn 100-248 

No. 7. Copper : hard-drawn 100-149 

No. 8* Copper : annealed 95-556 

No. 11. Gold : hard-drawn 99-869 

No. 12. Gold : annealed 99-877 

No. 17. German silver : annealed 100*162 

No. 18. German silver : annealed 100*145 

No. 19. German silver : annealed 100-217 

The cause of the change in the conducting powers of the alloys Nos. 1, 3, 
5, 7 is undoubtedly due to their becoming somewhat annealed by age*. With 
No. 8 the alteration may be attributed to faulty soldering. That the con- 
ducting power of the German silver experimented with has altered is not a 
proof that aU German silver will do so ; for we find the gold wires Nos. 9 and 
10 not altered, but Nos. 11 and 12 (which were cut from the same piece, 
but a diflferent one from the one from which Nos. 9 and 10 were taken) 
have altered. Further experiments are, however, required to find whether 
the metals and alloys given above as constant in their conducting power 
are so or not. 

Schroder van der Kolk statest that the conducting power of copper wire 
undergoes a change when even weak currents are allowed to pass through it. 
In order to see whether that of the above wires would suffer any change, 
the following experiment was arranged : — Nos. 1, 2, 5, 6, 9, 10, 13, 15, 17 
vrere connected together, and a current from two Bunsen's cells was allowed 
to pass through them day and night for six days. The cells were cleaned 

» Si^a, p. 16 ; and Brit. Assoc. Report, 1862, p. 140. t Pogg. Ann. vol. ex. p. 452. 
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every morning and evening, and the dilute sulphuric acid renewed. The ex- 
periment was carried out soon after June 14, 1863. In the subjoined Table 
the conducting powers are given as found before and after the trial, com- 
pared with No. 19. 

Conduoting power obserred, as compared 
with No.l9» 100. 
Before. T. After. T. 

No. 1 103-700 20-0 103775 20-2 

No. 2 99-740 20-1 99-733 20-2 

No. 5 100-040 20-2 100-045 20-2 

No. 6 99-807 200 99-865 20-0 

No. 9 99-838 20-2 99-860 20-2 

No. 10 99-855 20-0 99-807 20-2 

No. 13 99-744 20-2 99-766 20-2 

No. 15 99-793 20-2 99-762 20-2 

No. 17 99-955 20-0 99-926 20-2 

From the above numbers it will be seen that the conducting power has not 
changed, the differences in the values being in all probability due, as above 
stated, to temperature. 

If the passage of a current really altered the conducting power of a wire, 
then of what use would resistance-coils be ? The above experiments prove 
that a much stronger current than is used for testing the resistance of a wire 
has no effect on it. 



Appendix B. — On the Variation of the Electric Resistance of Alloys due to 
Change of Temperature. By A. Matthiessen, F.M»S. 

In the Appendix to the Report of your Committee read at the Meeting 
held last year, I gave a Table containing the results of experiments with 
some alloys, made with a view to find out the ajloy whose conducting power 
decreases least with an increase of temperature. With the same apparatus, 
&c., I have, in conjunction with Dr. C. Vogt, experimented with the following 
alloys. 

(With each series the formula deduced from the observations for the cor- 
rection of the conducting power for temperature is given, where X is equal 
to the conducting power at the temperature f C. Silver (hard-drawn) is 
taken at 0^=100.) 

Length 226 mm. ; diameter 0*470 mm. 
T. Conducting power. 

12-0 2-3573 

560 2-3138 

100-0 2-2798 

X=2-3708-0-0011555<+0-000002454«^. 

Length 284 mm. ; diameter 1-217 mm. 
T. Conducting power. 

15-0 2-0819 

57-5 2-0424 

100-0 2-0067 

X=2-0967-0-0010067<4-0-000001052<*. 

This and the two following alloys were made by Messrs. Johnson and 
Matthey. No. 2 was made to check -the results obtained with No. 1 ; for 



Composition of alloy by weight. 

(1) Gold 95-3 

Iron 4*7 

Made from pure metals. 

Hard-drawn. 



(2) 



Gold . 
Iron . . 
Hard-drawn. 



95-0 
5-0 
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(3) 



those given witli Nos. 3 and 4 appeared to show that some mistake had heen 
made with No. 1. That this was not the case is proved by "No, 2. It is, how- 
ever, a very carious fact that the percentage decrement increases in this 
manner, for in no other series of alloys has this behaviour been noticed. Its 
cause may be attributed to the existence of chemical combinations in the 
solid alloys of gold and iron. 

Nos. 3 and 4 are very brittle, and therefore difficult to draw. 

Length 184 mm. ; diameter 0*943 mm. 
90*0 T. Conductisg power. 

10-0 14-0 1-9822 

57-0 1-7951 

100-0 1-7010 

\=2-0632-0-0061367«+0-00002513<». 

Length 145 mm. ; diameter 0*758 mm. 
85*0 T. Conducting power. 

15-0 15*0 2-6239 

57-5 2*2732 

1000 1*9926 

X=2*7645~0*0096586<+0-00001940«». 



Gold .. 
Iron . . 
Hard-drawn. 



(4) Gold..., 

Iron . . . . 

Hard-drawn. 



(5) Silver 75*0 

Palladium 25-0 

Made by Messrs. Johnson and 

Matthey. 
Hard-drawn. 

X=8*5152-0*0027644< 



Length 520 mm. ; diameter 0*802 mm. 
T* Conducting power. 

11*0 8-4846 

55*6 8*3577 

100*0 S2256 



0*000001313<^. 



This alloy was formerly used by dentists on account of its elasticity. It 
was tested, as it appeared to answer some of the conditions required. 

Length 296-6 mm. ; diameter 0*576 mm. 

(&) Copper 63-3 T. Conducting power. 

^ ^ ^^ 15*72 21*807 

23*75 21-562 

39*28 21*116 

54-38 20*693 

69-31 20*300 

84-63 19-897 

99*43 19-327 

X = 22*274- 0*030601« -f 0-00002980««. 



Copper 63-3 

Zinc 36*7 

Made from pure metals. 

Hard-drawn. 



(7) Copper 75*0 

Zinc 25*0 

Made from pure metals. 
Hard-drawn. 



Length 190 mm. ; diameter 0*381 mm. 

T, Conducting power. 
13-47 21-704 

24-07 21-413 

39*21 21*020 

53*65 20-647 

69*08 20-268 

83-71 19-915 

98*97 19*565 

X = 22-076 -0-028100< + 0*00002945e^ 
These alloys are given, as they approach in composition to that of brass. 
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It seemed very desirable to test the influence of temperature on the alloj, as 
it was proposed by JacoH as a unit of electric resistance. 



(8) Copper 

Tin 

Made from pure metals 
Hard-drawn. 



Length 322*6 mm. *, diameter 0*524 mnL 

90*3 ^* Conductiiig power. 

9-7 15-43 12*058 

23*40 11*990 

40*35 11*852 

54*75 11*737 

69*78 11*619 

84*66 11*499 

98*70 11*391 

X=12-186-0-0084168«+0*000003700t^ 



(9) Copper 89*7 

Tin 10-3 

Made from pure metals. 
Hard-drawn. 

X « 10-212 - 0*0068043* + 0*00001210t=». 



Length 429 mm. ; diameter 0*627 mm. 
T. Oonductmg power. 

11*0 10*1386 

55*5 9-8710 

100*0 9*6526 



These alloys are given, as they approach in composition to that of ordinary 
gun-metal. 

Length 904*5 nmi. ; diameter 0*650 mm. 
(10) Gun-metal (Austrian). T. Conductiiig power. 

Copper. 13*0 26*336 

Zmc. 56*5 24*056 

Iron. 100*0 22*121 

A specimen obtained through 
the kindness of Mr. F. Abel. 
Hard-drawn. 

X=:27-084-.0-058750« + 0*00009116*=^. 

The conducting power of this alloy increased by heating to 100^ for one 
day 5*7 per cent — a larger increment than has been observed with any alloy. 
Generally, the conducting power of an alloy either remains constant or only 
varies 0*1 or 0*2 per cent, under the same conditions. 

Length 1564 mm. ; diameter 0*525 mm. 
T. Ck>nducting power. 

15-0 68-969 

57*5 60-179 

100-0 53-387 

X=72-548-0*24692< + 0-0005531«2. 



(11) 



Proof gold. 
Hard-drawn. 



(12) 



Standard silver. 
Hard-drawn. 



Length 2328 mm. ; diameter 0*525 mm. 
T. Conducting power< 

12-0 78-015 

56-0 69-301 

100*0 61*949 

X=80*628-0*22196«+0*0003518<». 

In the following Table 1 have given the results here obtained, with those 
of last year^ in such a manner that they may be easily compared : — 
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Pure iron * «« t .. ..4 .*....».» > 

Pure thalliam * » 

OUier pure metak in a solid state 
Gold, with 15 p*o. iron < * • . 1 . » . 

Proof gold i . . . * I ..... . 

Standard silver 

Gun-metal (Austrian) 

Gold, with 10 p*o. iron * . , 

Gold, with 14*3 p.c. silver and 7*4 p.c. copper 
Copper, with 36*7 p.c. zinc . . . 
Copper, with 25 p.c. zinc . . . . , 
Silver, with 5 p.c. platinum * . 
SUver, with 9*8 p.c. platinum * . 

Copper, with 9*7 p.c. tin 

The gold-silver alloy * 

Platinum, with 33*4 p.c. iridium 

Copper, with 10*3 p.c. tin 

Gold, with 18*1 p.c. silver and 15*4 p.c. copper* 
Gold, with 15*2 p.c. silver and 26'5 p.c. copper* 

German silver * < ^ .....*.*. i » 

Gold, with 5 p.c. iron .......... 4 < » » . 

Gold, with 4*7 p.c. iron , 

Silver, with 25 p.c. palladium ..«.. i ..... . 

Silver, with 33*4 p.c. platinum t » . » » 



. f . • . 



Conducting 


Percentage de- 
crement in con- 


power 


ducting power 
between 0*& 100*. 


16-81 


39-2 


9-16 


31-4 


k . . . 


29-3 


2-76 


27-9 


72-55 


26-4 


80-63 


23-2 


27-08 


18-3 


2»06 


17-5 


44-47 


15-5 


22-27 


12-4 


22-08 


11-5 


31*64 


11-3 


18-04 


7-1 


12-19 


6-6 


15-03 


6-5 


4-54 


5-9 


10-21 


5*2 


10-6 


62 


1202 


4-8 


7-80 


4-4 


2-10 


4-3 


2-37 


3-8 


8-52 


3-4 


6-70 


3-1 



It will be observed that 1 have not yet been able to find an alloy whose 
conducting power decreases between 0^ and 100^ less than that of the alloy of 
silrer with 33-4 p.c. platinum ; and from results obtained in this direction 
in cjonjunction with Dr. Yogt, I am of opinion there will be great diflSculty 
in doing so. We have already tested upwards of 100 alloys^ and it is curious 
how few we have found whose conducting power varies less than that of Ger- 
man silver between 0° and 100°. 



AppE]!a)ix C. — On the Elementary Relations between Electrical Measurements, 
By Professor J. Clekec Maxwell and Mr. PLEEiONa Jwukts, 

Part I. — Intbodtjctoby* 

1. Objects of Treatise* — The progress and extension of the electric telegraph 
has made a practical knowledge of electric and magnetic phenomena necessary 
to a large number of persons who are more or less occupied in the construc- 
tion and working of the lines, and interesting to many others who are un- 
willing to be ignorant of the use of the network of wires which surrounds 
them. The discoveries of Yolta and Galvani, of Oersted, and of Paraday are 
familiar in the mouths of all who talk of science, while the results of those 
discoveries are the foundation of branches of industry conducted by many 
who have perhaps never heard of those illustrious names. Between the 
student's mere knowledge of the history of discovery and the workman's 

* Proc. Boy. Soc. xii. p. 472 (1863). f Suprtty p. 12 ; and Brit. Assoc. Bep. 1862, p. 137. 
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practical familiarity with particular operations which can only be communi- 
cated to others by direct imitation, we are in want of a set of rules, or rather 
principles, by which the laws remembered in their abstract form can be 
applied to estimate the forces required to effect any given practical result. 

We may be called on to construct electrical apparatus for a particular 
purpose. In order to know how many cells are required for the battery, and 
of what size they should be, we require to know the strength of current 
required, the electromotive force of the cells, and the resistance of the circuit. 
If we know the results of previous scientific inquiry, and are acquainted with 
the method of adapting them to the case before us, we may discover the 
proper arrangement at once. K we are unable to make any estimate of what 
is required before constructing the apparatus, we may have to encounter 
numerous failures which might have been avoided if we had known how to 
make a proper use of existing data. 

All exact knowledge is founded on the comparison of one quantity with, 
another. In many experimental researches conducted by single individuals, 
the absolute values of those quantities are of no importance ; but whenever 
many persons are to act together, it is necessary that they should have a 
common imderstanding of the measures to be employed. The object of the 
present treatise is to assist in attaining this common understanding as to 
electrical measurements. 

2. Derivation of Units from fundamental Standards, — ^Every distinct kind 
of quantity requires a standard of its own, and these standards might bo 
chosen quite independently of each other, and in many cases have been so 
chosen ; but it is possible to deduce all standards of quantity from the fun- 
damental standards adopted for length, time, and mass ; and it is of great 
scientific and practical importance to deduce them from these standards in a 
systematic manner. Thus it is easy to understand what a square foot is 
when we know what a linear foot is, or to find the number of cubic feet in a 
room from its length, breadth, and height ; because the foot, the square foot, 
and the cubic foot are parts of the same system of units. But the pint, 
gallon, &c. form another set of measures of volume which has been formed 
without reference to the system based on length ; and in order to reduce the 
one set of numbers to the other, we have to multiply by a troublesome frac- 
tion, difficult to remember, and therefore a fruitful source of error. 

The varieties of weights and measures which formerly prevailed in this 
countiy, when different measures were adopted for different kinds of goods, 
may be taken as an example of the principle of unsystematized standards, 
while the modern French system, in which every thing is derived from the 
elementary standards, exhibits the simplicity of the systematic arrangement. 

In the opinion of the most practical and the most scientific men, a system 
in which every unit is derived from the primary units with decimal subdivi- 
sions is the best whenever it can be introduced. It is easily learnt ; it renders 
calculation of all kinds simpler ; it is more readily accepted by the world at 
large ; and it bears the stamp of the authority, not of this or that legislator 
or man of science, but of nature. 

The phenomena by which electricity is known to us are of a mechanical 
kind, and therefore they must be measured by mechanical units or standards. 
Our task is to explain how these units may be derived from the elementary 
ones ; in other words, we shall endeavour to show how all electric phenomena 
may be measured in terms of time, mass, and space only, referring briefly in 
each case to a practical method of effecting the observation. 

3. Standard Mechanical Units, — ^In this country the standard of length is 
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one yard, but a foot is the unit popularly adopted. In Frauce it is the ten 
mllliontli part of the distance from the pole to the equator, measured along 
the earth's surface, according to the calculations of Delambre ; and this mea- 
sure is called a metre, and is equal to 3*280899 feet, or 39*37079 inches. 

In lihe original Keport the metre was taken as the fundamental unit of 
length ; the gramme, or French standard of weight, is not, however, systema- 
tically derived from the metre, being the weight not of a cubic metre, but 
of a cubic centimetre of water. This consideration has led several Members 
of the Committee in subsequent writings to adopt the centimetre as the fun- 
damental unit of length. To facilitate comparison with these writings, con- 
stants based on the centimetre will be given, besides those for the metre. 

The standard unit of time in all civilized countries is deduced from the time 
of rotation of the earth about its axis. The sidereal day, or the true period 
of rotation of the earth, can be ascertained with great exactness by the ordi- 
nary observations of astronomers ; and the mean solar day can be deduced 
from this by our knowledge of the length of the year. The unit of time 
adopted in all physical researches is one second of mean solar time. 

The standard unit of mass is in this country the avoirdupois pound, as we 
received it from our ancestors. The grain is one 7000th of a pound. In the 
French system it is the gramme derived from the unit of length, by the use 
of water at a standard temperature as a standard of density. The weight of one 
cubic centimetre of water is a gramme = 15*43235 grains = *00220462 lb. 

A Table, showing the relative value of the standard and derived units in 
the British and metrical system is given in § 55. 

The unit of force adopted in this treatise is that force which will produce 
a unit of velocity in a free unit mass, by acting on it during a unit of time. 
This unit of force is equal to the weight of the unit mass divided by g, where 
g is the accelerating force of gravity, the value of which, as depending on 
the place of observation, is given in § bb. In this country it is about 32*2 
feet, or 981 centimetres. 

A mut of force still very generally used is the weight of the standard mass. 
This is called the gravitation unit of force, and measurements of force, work, 
&c. in which it is used are called gravitation measurements. The gravitation 
unit is equal to the absolute unit multiplied by g. 

The unit of work adopted in this treatise is the unit of force, defined as 
above, acting through the unit of space {vide § 55). 

4. Dimensions of Derived Units, — ^The name of every quantity consists of 
two factors or components, and may be written thus, Q[Q]. 

The first, or numerical factor, Q, is a number, integral or fractional. The 
second, or denominational factor, [Q], is the name of an individual thing of 
the same kind as the quantity to be expressed, the magnitude of which is 
agreed on among men. Thus, in the expression 28 lb., 28 is the numerical 
part represented by Q, and lb. is the denominational part represented by 
[Q]. When Q is unity, then the quantity expressed is the unit, 1[Q], or 
simply [Q]. In the example [Q] is one pound ; that is, a piece of platinum 
preserved in the Exchequer Chambers, and marked " P. S. 1844, 1 lb.," or 
some copy of the same. 

We shall use the symbols [L], [M], and [T] enclosed in square brackets to 
denote the standards or units of length, mass, and time ; and symbols vtdthout 
brackets, such as L, M, T, to denote the number of such units in the quan- 
tity to be expressed. Thus if [L] denotes a centimetre and L the number 
978, L[L] denotes 978 centimetres. Similarly, if \T\ denotes 1 foot and I the 
number 32*088, ?[Z] denotes 32*088 feet. 
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"Now these quantities express the same distance measored in two different 
ways, so that 

L[L]=i[q; 

but 1 foot is 30*479 centimetres, or 

[Z] =30-479 [L]. 

Hence 

L= 30-479 Z; 

or the numerical factor of the expression of a given quantity varies inversely 
as the magnitude of the unit employed. 

In passing from one system of measurements to another, we first consider 
the magnitude of the units employed in the two systems and then determine 
the numerical factors so that the quantity expressed may be the same. 
Every measurement of which we have to speak involves as factors measure- 
ments of time, space, and mass only ; but these measurements enter some- 
times at one power and sometimes at another. In passing from one set of 
fundamental units to another, and for other purposes, it is necessary to know at 
what power each of these fundamental measurements enters into the derived 
measure. 

Thus the value of a force is directly proportional to a length and a mass, 
but inversely proportional to the square of a time. This is expressed by 

saying that the dimensions of a force are -=5- ; in other words, if we wish 

to pass from the English to the French system of measurements, the French 

•0328 X 15*43 
unit of force will be to the English as j : 1, or as -506 to 1 ; be- 
cause there are *0328 feet in a centimetre, and 15-43 grains in a gramme. If 
the metre be adopted as the unit of length, the French unit of force will be 
to the English as 50*6 to 1. If the minute were chosen as the unit of time, 

the unit of force would, in either system, be ^^kft of that founded on the 

second as unit. 

A Table of the dimensions of every unit adopted in the present treatise is 
given in § 55, 

Part II. — ^Thb Measubbmskt of MiaKETto Phskoueva. 

5. Magnets and Magnetic Poles. — Certain natural bodies, as the iron ore 
eaUed loadstone, the earth itself, and pieces of steel after being subjected to 
certain treatment, are found to possess the following properties, and are 
called magnets. 

If one of these bodies be free to turn in any direction, the presence of 
another will cause it to set itself in a position which is convenientiy described 
or defined by reference to certain imaginary lines occupying a fixed position 
in the two bodies, and called their magnetic axes. One object of our magnetic 
measurements will be to determine the force which one magnet exerts upon 
another. It is found by experiment that the greatest man^estation of force 
exerted by one long thin magnet on another occurs very near the ends of the 
two bars, and that the two ends of any one long thin magnet possess opposite 
qualities. This peculiarity has caused the name of " poles " to be given to 
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the ends of long magnets ; and this conception of a magnet, as hating 
two poles capable of exerting opposite forces joined by a bar exerting no 
force, is so much the most fEimiliar that we shall not hesitate to employ 
it, especially as many of the properties of magnets may be correctly ex- 
pressed in this way ; but it must be borne in mind, in speaking of poles, 
that they do not really exist as points or centres of force at the ends of 
the bar, except in the case of long, infinitely thin, uniformly magnetized 
rods. 

If we mark the poles of any two magnets which possess similar qualities, 
we find that the two marked poles repel each other, that two unmarked poles 
also repel each other ; but that a marked and an unmarked pole attract each 
other. The pole which is repeUed from the northern regions of the earth is 
called the positiYe pole ; the other end the negative pole. The negative pole is 
generally marked N by British instrument-makers, and is sometimes called 
the north pole of the magnet, though it is obviously similar to the earth's 
south pole. 

The strength of the pole is necessarily defined as proportional to the force it 
is capable of exerting on any oth^r pole. Hence the force /exerted between 
two poles of the strengths m and m^ must be proportional to the product m m^. 
The force / is also found to be inversely proportional to the square of the 
distance, D, separating the poles, and to depend on no other quantity ; hence 
we have, unless an absurd and useless coefficient be introduced, 

/=^' (1) 

Prom which equation it follows that the unit pole wiU be that which at unit 
distance repels another similar pole with unit force ; / will be an attraction 
or a repulsion according as the poles are of opposite or the same kinds. The 

— rfr- • 

6. Magnetic Meld. — ^It is clear that the presence of a magnet in someway 
modifies the surrounding space, since any other magnet brought into that 
space experiences a peculiar force. The neighbourhood of a magnet is, for 
convenience, called a magnetic field ; and for the same reason the effe^ct pro- 
duced by a magnet is often spoken of as due to the magnetic field, instead of 
to the magnet itself. This mode of expression is the more proper, inasmuch 
as the same or a similar condition of space may be produced by the passage 
of electrical currents in the neighbourhood, without the presence of a magnet. 
Since the peculiarity of the magnetic field consists in the presence of a certain 
force, we may numerically express the properties of the field by measuring 
the strength and direction of the force, or, as it may be worded, the intensity 
of the field and the direction of the lines of force. 

This direction at any point is the direction in which the force tends to move 
a free pole ; and the intensity, H, of the field is completely defined as propor- 
tional to the force, /, with which it acts on a free pole ; but this force, /, is 
also proportional to the strength, tw, of the pole introduced into the field, 
and it depends on no other quantities ; hence 

/=*nH, , (2) 

and therefore the field of unit intensity will be that which acts with unit 
force on the unit pole. 

The dimensions of [H] are — r— . 
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The lines of force produeed by a long thin bar-magnet near its poles 
radiate from the poles, and the intensity of the field is eqnal to the quotient 
of the strength of the pole divided by the square of the distance from the 
pole ; thus the unit field is produced at the unit distance from the unit pole. 

In a uniform magnetic field the lines of force, as may be demonstrated, 
are parallel ; such a field can only be produced by special combinations of 
magnets, but a small field at a great distance from any one pole is sensibly 
uniform. Thus, in any room unaffected by the neighbourhood of iron or 
magnets, the magnetic field due to the earth is sensibly uniform ; its 
direction is that assumed by the dipping-needle. 

7. Magnetic Moment. — When a bar magnet is placed in a uniform field 
two equal opposite and parallel forces act on its poles, and tend to set it with 
the line joining those poles in the direction of the force of the field. When 
the magnet is so placed that the line joining the poles is at right angles to the 
lines of force in the field, this tendency to turn or ** couple," G, is proportional 
to the intensity of the field, H, the strength of the poles, m, and the distance 
between them, I ; or 

G=mZH. (3) 

ml, or the product of the strength of the poles into the length between them, 
is called the magnetic moment of the magnet ; and from equation (3) it fol- 
lows that, in a field of unit intensity, the couple actually experienced by any 
magnet in the above position measures its moment. The dimensions of the 

unit of magnetic moment are evidently — = — . 

8. Intensity of Magnetization. — The intensity of magnetization of a magnet 
is measured by its magnetic moment divided by its volume. 

The dimensions of the unit of magnetization are therefore ~i-- , the same 

as in .the case of intensity of field. 

9. Coefficient of Magnetic Induction. — ^When certain bodies, such as soft 
iron, <fec., are placed in the magnetic field, they become magnetized by " in- 
duction ;" so that the intensity of magnetization is (except when great) necirly 
proportional to the intensity of the field. 

In diamagnetic bodies, such as bismuth, the direction of magnetization is 
opposite to that of the field. In paramagnetic bodies, such as iron, nickel, 
&c., the direction of magnetization is the same as that of the field. 

The coefficient of magnetic induction is the ratio of the intensity of mag- 
netization to the intensity of the magnetic force within the body, and is 
therefore a numerical quantity, positive for paramagnetic bodies, negative for 
diamagnetic bodies. 

10. Magnetic Potentials and Equipotential Surfaces. — If we take a very 
long magnet, and, keeping one pole well out of the way, move the other pole 
from one point to another of the magnetic field, we shall find that the forces 
in the field do work on the pole, or that they act as a resistance to its motion, 
according as the motion is with or contrary to the force acting on the pole. 
If the pole moves at right angles to the force, no work is done. 

The magnetic potential at any point in a magnetic field is measured by the 
work done against the magnetic forces on a unit pole during its motion from 
an infinite distance from the magnet producing the field to the point in ques- 
tion, supposing the unit pole to exercise no influence on the magnetic field in 
question. The idea of potential as a mathematical quantity having different 
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values at different points of space was brought into form by Laplace *. The 
name of potential, and the application to a great number of electric and mag- 
netic investigations, were introduced by George Green in his Essay on Elec- 
tricity (Nottingham, 1828). 

An equipotential surface in a magnetic field is a surface so drawn that the 
potential of aU its points are equal. By drawing a series of equipotential 

surfaces correspondmg to potenti«ds 1, 2, 3 «, we may map out any 

magnetic field, so as to indicate its properties. 

The magnetic force at any point is perpendicular to the equipotential sur- 
face at that point, and its intensity is the reciprocal of the distance between 
one surface and the next at that point. The dimensions of the unit of mag- 

netic potential are — ,« — • 

11. Jaims of Magnetic Force, — There is another way of exploring the mag- 
netic field, and indicating the direction and magnitude of the force at any 
point. The conception and application of this method in all its complete- 
ness is due to Faraday f. The fall importance of this method cannot be 
recognized till we come to electro-magnetic phenomena (§§ 22, 23, <fe 24). 

A line whose direction at any point always coincides with that of the force 
acting on the pole of a magnet at that point, is called a line of magnetic force. 
By drawing a sufficient number of such lines we may indicate the direc-- 
Hon of the force in every part of the magnetic field ; but by drawing them 
according to rule, we may indicate the intensity of the force at any point 
as well as its direction. It has been shown J that if, in any part of 
their course, the number of lines passing through unit of area is proportional 
to the intensity there, the same proportion between the number of lines in 
unit of area and the intensity ynUl hold good in every part of the course of 
the lines. 

All that we have to do, therefore, is to space out the lines in any part of 
their course, so that the number of lines which start from unit of area is 
equLol to the number representing the intensity of the field there. The- 
intensity at any other part of the field will then be measured by the number 
of lines which pass through unit of area there ; each line indicates a constant 
and equal force. 

12. Melation between Lines of Force and Equijpotential Surfaces. — The lines 
of force are always perpendicular to the equipotential surfaces ; and the 
number of lines passing through unit of area of an equipotential surface is 
the reciprocal of the distance between that equipotential surface and the next 
in order — a statement made above in slightly different language. 

In a imiform field the lines of force are straight, parallel, and equi- 
distant ; and the equipotential surfaces are planes perpendicular to the lines 
of force, and equidistant from each other. 

K one magnetic pole of strength m be alone in the field, its lines of 
force are straight lines, radiating from the pole equally in all directions; 
and their number is 47rm. The equipotential siuf aces are a series of spheres 
whose centres are at the pole, and whose radii are m, ^m, ^m, |m, &c. In 
other magnetic arrangements these lines and surfaces are more complicated ; 
but in aU cases the calculation is simple, and in many cases the lines and 
surfaces can be graphically constructed without any calculation. 

* M^canique Celeste, liv. iii. 

t Experimental Eesearches, yoI. iii. art. 3122 et 'passim, 

X Vide Maxwell on Faraday's Lines of Force, Cambridge Phil. Trans. 1S67. 



66 

Part in. — MsASITREMEirT OF ElECTKIO PH£170tf£NA BY THEIB ElECTBO- 

MAGNETIC Effects. 

13. Preliminary, — Before treating of electrical measurements, the exact 
meaning in which the words " quantity," " current," " electromotive ftwce," 
and " resistance " are used must be explained. But in giving these explspa- 
tions, we shall assume the reader to be acquainted with the meaning of such 
expressions as conductor, insulator, voltaic battery, &c. 

14. Meaning of the words ^^El-ectric QtuintityJ' — ^When two light conduct- 
ing bodies are connected with the same pole of a voltaic battery, while the 
other pole is connected with the earth, they may be observed to repel one 
another. The two poles produce equal and sipilar effects. When the two 
bodies are connected with opposite poles, they attract one another. Bodies, 
when in a condition to exert this peculiar force one on the other, are said to 
be electrified or charged with electricity. These words are mere names given 
to a peculiar condition of matter. If a piece of glass and a piece of resin are 
rubbed together, the glass will be found to be in the same condition as an 
insulated body connected with the copper pole of the battery, and the resin 
in the same condition as the body connected with the zinc pole of the 
battery. The former is said to be positively and the latter negatively 
electrified. The propriety of this antithesis will soon appear. The force with 
which one electrified body acts on another, even at a constant distance, varies 
with different circumstances. When the force between the two bodies at a 
constant distance, and separated by air, is observed to increase, it is said to 
be due to an increase in the quantity of electricity ; and the quantity at any 
spot is defined as proportional to the force with which it acts, through air, on 
some other constant quantity at a distance. If two bodies, chained each 
with a given quantity of electricity, are incorporated, the single body thus 
composed will be charged with the sum of the two quantities. It is this fact 
which justifies the use of the word " quantity." 

Thus the quality in virtue of which a body exerts the peculiar force 
described is called electricity, and its quantity is measured (cceteris jpartbus) 
by measuring force. 

The quantity, thus defined, produced on two similar balls similarly circum- 
stanced, but connected with opposite poles of a voltaic battery, is equal, but 
opposite ; so that the sum of these two equal and opposite quantities is zero ; 
hence the conception of positive and negative quantities. 

In speaking of a quantity of electricity, we need not conceive it as a sepa- 
rate thing, or entity distinct from ponderable matter, any more than in speak- 
ing of sound we conceive it as having a distinct existence. Still it is convenient 
to speak of the intensity or velocity of sound to avoid tedious circumlocution ; 
and quite similarly we may speak of electricity without for a moment ima- 
gining that any real electric fluid exists. 

The laws according to which this force varies, as the shape of the 
conductors, their combinations, and their distances are varied, have been 
established by Coulomb, Poissbn, Green, W. Thomson, and others. These 
will be found accurately described, independently of all hypothesis, in papers 
by Professor W. Thomson, published in the Cambridge MathematicalJoumal, 
vol. i. p. 75 (1846), and a series of papers in 1848 and 1849. 

15. Meaning of the words " Electric Current.^^ — When two balls charged 
by the opposite poles of a battery with opposite and equal quantities of elec- 
tricity are joined by a conductor, they lose in a very short time their pecu- 
liar properties, and assume a neutral condition intermediate between the 
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positiye and negative states, exhibiting no electrical symptoma whatever, and 
hence described as unelectrified, or containing no electricity. But, during the 
first moment of their junction, the conductor is found to possess certain new 
and peculiar properties : any one part of the conductor exerts a force upon 
any other part of the conductor ; it exerts a force on any magnet in the 
neighbourhood ; and if any part of the conductor be formed by one of those 
compound bodies called electrolytes, a certain portion of this body will be 
decomposed. These peculiar effects are said to be due to a current of elec- 
tricity in the conductor. The positive quantity, or excess, is conceived as 
flowing into the deficiency represented by the negative quantity ; so that the 
whole combination is reduced to the neutral condition. This neutral condition 
is similar to that of the earth where the experiment is tried. If the balls are 
continually recharged by the battery, and discharged or neutralized by the 
wire, a rapid succession of the so-called currents will be sent ; and it is 
found that the force with which a magnet is deflected by this rapid succes- 
sion of currents is proportional (caiteris paribus) to the quantity of electricity 
passed through the conductor per second ; it is also found that the amount of 
chemical action, measured by the weights of the particular substances 
decomposed, is 'proportional to the sa^e quantity. The cnrrente just 
described are intermittent; but a wire or conductor, used simply to join 
the two poles of a battery, acquires permanentiy the same properties as when 
used to discharge the balls as above with great rapidity ; and the greater the 
rapidity with which the balls are discharged, the more perfect the similarity 
of the condition of the wire in the two cases. The wire in the latter case is 
therefore said to convey a permanent current of electricity, thei magnitude or 
strength of which is defined as proportional to the quantity conveyed per 
second. This definition is expressed by the equation 

C=^, (4) 

where C is the current, Q the quantity, and t the time. A permanent current 
flowing through a wire may be measured by the force which it exerts on a 
magnet ; the actual quantity it conveys may be obtained by comparing this 
force with the force exerted, under otherwise similar conditions, when a 
known quantity is sent through the same wire by discharges. The strength 
of a permanent current is found at any one time to be equal in all parts of 
the conductor. Conductors conveying currents exert a peculiar force one 
upon another ; and during their increase or decrease they produce currents 
in neighbouring conductors. Similar effects are produced as they approach 
or recede from neighbouring conductors. The laws according to which 
currents act upon magnets and upon one another will be found in the writings 
of Ampere and Weber. 

16. Mecming of the words ^^Electromotive Force,^^ — Hitherto we have spoken 
simply of statical effects ; but it is found that a current of electricity, as above 
defined, cannot exist without effecting work or its equivalent. Thus it 
either heats the conductor, or raises a weight, or magnetizes soft iron, or 
effects chemical decomposition ; in fine, in some shape it effects work, and 
this work bears a definite relation to the current. Work done presupposes 
a force in action. The immediate force producing a current, or, in other 
words, causing the transfer of a certain quantity of electricity, is called an 
electromotive force. This force is necessarily assumed as ultimately due to 
that part of a circuit where a " degradation " or consumption of energy takes 
place : thus we speak of the electromotive force of the voltaic or thermo- 

f2 
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electric couple; but the term is also used, independently of the source of 
power, to express the fact that, however caused, a certain force tending to do 
work by setting electricity in motion does, under certain circumstances, 
exist between two points of a conductor or between two separate bodies. But 
equal quantities of electricity transferred in a given time do not necessarily or 
usually produce equal amounts of work ; and the electromotive force between 
two points, the proximate cause of the work, is defined as proportional to the 
amount of work done between those points when a given quantity of elec- 
tricity is transferred from one point to another. Thus if, with equal currents 
in two distinct conductors, the work done in the one is double that done in 
the other in the same time, the electromotive force in the first case is said 
to be double that in the second ; but if the* work done in two circuits is 
found strictly proportional to the two currents, the electromotive force acting 
on the two currents is said to be the same. Defined in this way, the electro- 
motive force of a voltaic battery is found to be constant so long as the 
materials of which it is formed remain in a similar or constant condition. 
The above definitions, in mathematical language, give W=ECf, 

»' ^=S' • • • • ' (5) 

where E is the electromotive force, and W the work done. Thus the elec- 
tromotive force producing a current in a conductor is equal to the ratio 
between the work done in the unit of time and the current effecting the 
work. This conception of the relations of work, electromotive force, current, 
and quantity will be aided by the following analogy: — A. quantity of elec- 
tricity may be compared to a quantity or given mass of water ; currents of 
water in pipes in which equal quantities pass each spot in equal times then 
correspond to equal currents of electricity ; electromotive force corresponds 
to the head of water producing the current. Thus if, with two pipes con- 
veying equal currents, the head forcing the water through the first were 
double that forcing it through the second, the work done by the water in 
flowing through the first pipe would necessarily be twice that done by the 
water in the second pipe ; but if twice as much water passed through the 
first pipe as passes through the second, the work done by water in the first 
pipe would again be doubled. This corresponds exactly with the increase of 
work done by the electrical current when the electromotive force is doubled 
and when the quantity is doubled. 

Thus, to recapitulate, the quality of a battery or source of electricity, in 
virtue of which it tends to do work by the transfer of electricity from one 
point to another, is called its electromotive force, and this, force is measnred 
by measuring the work done during the transfer of a given quantity of 
electricity between these points. The relations between electromotive force 
and work were first fully explained in a paper by Professor W. Thomson, on 
the application of the principle of mechanical effect to the measurement of 
electromotive forces, published in the * Philosophical Magazine * for December 
1851. 

17. Meaning of the words " Electric Resistance.*' — It is found by experiment 
that even when the electromotive force between two points remains constant, 
80 that the work done by the transfer of a given quantity of electricity 
remains constant, nevertheless, by modifying the material and form of the 
conductor, this transfer may be made to take place in very different times ; 
or, in other words, currents of very different magnitudes are produced, and 
very different amounts of work are done, in the unit of time. The quality of 
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the conductor in virtue of which it prevents the performance of more than a 
certain amount of work in a given time by a given electromotive force is 
called its electrical resistance. The resistance of a conductor is therefore 
inversely proportional to the work done in it when a given electromotive 
force is maintained between its two ends ; and hence, by equation (5), it is 
inversely proportional to the currents which will then be produced in the 
respective conductors. But it is found by experiment that the current pro- 
duced in any case in any one conductor is simply proportional to the electro- 

E 
motive force between its ends ; hence the ratio p wiU be a constant quantity, 

to which the resistance as above defined must be proportional, and may with 
convenience be made^equal ; thus 

R=| (6) 

an equation expressing Ohm's law. In order to carry on the parallel with 
the pipes of water, the resistance overcome by the water must be of such 
nature that twice the quantity of water will flow through any one pipe when 
tv^ice the head is applied. This would not be the result of a constant me- 
chanical resistance, but of a resistance which increased in direct proportion 
to the speed of the current ; thus the electrical resistance must not be looked 
on as analogous to a simple mechanical resistance, but rather to a coefficient 
by which the speed of the current must be multiplied to obtain the whole 
mechanical resistance. Thus if the electrical resistance of a conductor be 
called E, the work, W, is not equal to CR^, but C x OR x t, or 

W=C=^R<*, (7) 

where C may be looked on as analogous to a quantity moving at a certain 
speed, and CR as analogous to the mechanical resistance which it naeets with 
in its progress, and which increases in direct proportion to the quantity con- 
veved in the unit of time. 

18. Measurement of Electric Currents hy their Action on a Magnetic 
Needle. — In 1820, Oersted discovered the action of an electric current upon 
a magnet at a distance, and one method of measurement may be based on 
this action. Let us suppose the current to be in the circumference of a 
vertical circle, so that in the upper part it runs from left to right. Then a 
magnet suspended in the centre of the circle will turn with the end which 
points to the north away from the observer. This may be taken as the 
simplest case, as every part of the circuit is at the same distance from the 
magnet, and tends to turn it the same way. The force is proportional to 
the moment of the magnet, to the strength of the current as defined by 
§ 15, to its length, and inversely to the square of its distance from the 
magnet. 

Let the moment of the magnet be mZ, the strength of the current C, the 
radius of the circle h, the number of times the current passes round the 
circle n, the angle between the axes of the magnet and the plane of the 
circle d, and the moment tending to turn the magnet G, then 

G=mlC . 2imJc ]^co& 6, (8) 

* By equation (5) we have W=CE2f ; but by equation (6) R=^; hence W=C=Rjf.— 

Q.E.D. 
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which will be unity if ml, C, h, and the length of the circuit be unity, and 

if e=Q^. 

The unit of current founded on this relation, and called the electro-mag- 
netic unit, ifl therefore that current of which the unit of length placed along 
the circumference of a circle of unit radius produces a unit of magnetic force 
at the centre. 

The usual way of measuring C, the strength of a current, is by making it 
describe a- circle about a magnet, the plane of the circle being vertical and 
magnetic north and south. Thus, if H be the intensity of the horizontal 
component of terrestrial magnetism, and G the moment of this on the mag- 
net, QtssmlK sin 6, whence the strength of the current — 

C= A H tan 6, (9) 

ZTtn 

where k is the radius of the circle, n the number of turns, "H the intensity 
of the horizontal part of the earth's magnetic force as determined by the 
usual method, and d the angle of deviation of the magnet suspended in the 
centre of the circle. As the strength of the current is proportional to the 
tangent of the angle d, an instrument constructed on this plan is called a 
tangent galvanometer. The instrument called a sine galvanomter may also 
be used, provided the coil is circular. The equation is similar to that just 
given, substituting sin for tan d. 

To find the dimensions of [C], the unit electric current, we must consider 
that what we observe is the force acting between a magnetic pole, m, and a 
current of given length, L, at a given distance, L^, and that this force 

cs y a . Hence the dimensions of [C], the unit electric current, are 
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19. Measurement of Electric Currents hy their mutual action on one another, 
'>— Hitherto we have spoken of the measurement of currents as dependent on 
their action upon magnets ; but this measurement in the same units can as 
simply be founded on their mutual action upon one another. Ampere has in- 
vestigated the laws of mechanical action between conductors carrying cur- 
rents. He has shown that the action of a small closed circuit at a distance 
is the same as that of a small magnet, provided the axis of the magnet be 
placed normal to the plane of the circuit, and the moment of the magnet 
be equal to the product of the current into the area of the circuit which it 
traverses. 

Thus, let two small circuits, having areas A and A^, be placed at a great 
distance, D, from each other in such a way that their planes are at right 
angles to each other, and that the line D is in the intersection of the 
planes. Now let currents, C and C^, circulate in these conductors ; a force will 
act between them tending to make their planes parallel, and the direction 
of the currents opposite. The moment of this couple will be 

G=^CxAA. (10) 

Hence the unit electric current conducted round two circuits of unit area 
in vertical planes at right angles to each other, one circuit being at a great 
distance, 1), vertically above the other, will cause a couple to act between the 



71 

cirenits of a magnitude ^3. The definitioii of the unit cnrrent (identical with 

the unit founded on the relations given in § 18) might be founded on this 
action quite independently of the idea of magnetism. 

20. Weher^s Electro-dynamometer, — ^The measurement described in the last 
paragraph is only accurate when D is very great, and therefore the moment 
to be measured very small. Hence it is better to make the experimental 
measurements in another form. Por this purpose, let a length (?) of wire be 
made into a circular coil of radius Tc; let a length (ZJ of wire be made into a 
coil of very much smaller radius, Ar^. Let the second coil be hung in the 
centre of the first, the planes being vertical and at the angle Q, Then, if a 
current C traverses both coils, the moment of the force tending to bring them 
parallel Mdll be 

G=iC?-j^'sme (11) 

This force may be measured in mechanical units by the angle through 
which it turns the suspended coil, the forces called into play by the mecha- 
nical arrangements of suspension being known from the construction of the 
instrumont. Weber used a bifilar suspension, by which the weight of the 
smaller coil was used to resist the moment produced by the action of the 
currents. 

21. Comparison of the Electro-magnetic and Electro-chemical action of Cur- 
rents. — Currents of electricity, when passed through certain compound sub- 
stances, decompose them ; and it is found that, with any given substance, 
the weight of the body decomposed in a given time is proportional to the 
strength of the current as already defined with reference to its electro-mag- 
netic effect. The voltameter is an apparatus of this kind, in which water is 
the substance decomposed. Special precautions have to be taken, in carrying 
this method of measurement into effect, to prevent variations in the resistance 
of the circuit, and consequently in the strength of the current. This subject 
is more fully treated in Part V. §§ 53, 54. 

22. Magnetic Field near a Current. — Since a current exerts a force on the 
pole of a magnet in its neighbourhood, it may be said to produce a magnetic 
field (§ 6), and, by exploring this field with a magnet, we may draw lines of 
force and equipotential surfaces of the same nature as those already described 
for magnetic fields caused by the presence of magnets. 

When the current is a straight line of indefinite length, like a telegraph- 
wire, a magnetic pole in its neighbourhood is urged by a force tending to 
turn it round the wire, so that this force is at any point perpendicular to the 
plane passing through this point and the axis of the current. 

The equipotential surfaces are therefore a series of planes passing through 
the axis of the current, and inclined at equal angles to each other. The 
number of these planes is 47rC, where C is the strength of the current. 

The lines of magnetic force are circles having their centres in the axis of 
the current, and their planes perpendicular to it. The intensity of the mag- 
netic force at a distance, Jc, from the current is the reciprocal of the distance 

2C 
between two equipotential surfaces, which shows the force to be -77. 

The work done on a unit magnetic pole in going completely round the 
current is 4irC, whatever the path which the pole describes. 

23. Mechanical Action of a Magnetic Field on a closed Conductor conveying 
a Current, — When there is mechanical action between a conductor carrying a 
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corrent and a magnet, the force acting on the conductor must be equal and 
opposite to that acting on the magnet. Every part of the conductor is there- 
fore acted on by a force perpendicular to the plane passing through its own 
direction and the lines of magnetic force due to the magnet, and equal to the 
product of the length of the conductor into the strength of the current, the 
intensity of the magnetic field, and the sine of the angle between the lines of 
force and the direction of the current. This may be more concisely expressed 
by saying, that if a conductor carrying a current is moved in a magnetic field, 
the work done on the conductor by the eliectro-magnetic forces is equal to the 
product of the strength of the current into the number of lines of force which 
it cuts during its motion. 

Hence we arrive at the following general law, for determining the mecha- 
nical action on a closed conductor carrying a current and placed in a magnetic 
field :— 

Draw the lines of magnetic force. Count the number which pass through 
the area enclosed by the circuit of the conductor, then any motion which 
increases this number will be aided by the electro-magnetic forces ; so that 
the work done during the motion will be the product of the strength of the 
Current and the number of additional lines of force. 

For instance, let the lines of force be due to a single magnetic pole of 
strength m. These are 47rm in number, and are in this case straight lines 
radiating equally in all directions from the pole. Describe a sphere about 
the pole, and project the circuit on its surface by lines drawn to the pole. 
The surface of the area so described on the sphere will measure the solid 
angle subtended by the circuit at the pole. Let this solid angle =w, then 
the number of lines passing through the closed surface will be mw ; and if C 
be the strength of the current, the amount of work done by bringing the 
magnet and circuit from an infinite distance apart to their present position 
will be Gm<ii. This shows that the magnetic potential of a closed circuit 
carrying a unit current with respect to a unit magnetic pole placed at any 
point is equal to the solid angle which the circuit subtends at that point. 

By coiisidering at what points the circuit subtends equal solid angles, we 
may form an idea of the surfaces of equal potential. They form a series of 
sheets, all intersecting each other in the circuit itself, which forms the boun- 
dary of every sheet. The number of sheets is AM, where C is the strength 
of the current. The lines of magnetic force intersect these surfaces at right 
{^.ngles, and therefore form a system of rings encircling every point of the 
circuit. When we have studied the general form of the lines of force, we can 
form som^ idea of the electro-magnetic action of that current, after which the 
difficulties of numerical calculation arise entirely from the imperfection of our 
mathematical skill. 

24. General Law of the Mechanical Action between Electric Currents and 
other Electric Currents or Magnets. — Draw the lines of magnetic force due to 
all the currents, magnets, &c. in the field, supposing the strength of each 
current or magnet to be reduced from its actual value to unity. Call the 
iiumber of lines of force due to a circuit or magnet, which pass through 
another circuit, the potential coefficient between the one and the other. This 
number is to be reckoned positive when the lines of force pass through the 
circuit in the same direction as those due to a current in that circuit, apd 
negative when they pass in the opposite direction. 

If we now ascertain the change of the potential coefficient due to any dis- 
placement, this increment multiplied by the product of the strengths of the 
currents or magnets will be tb^ f^mount of work done by the mutual action of 
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these two bodies daring the displacement. The determination of the actiial 
value of the potential coefficient of two things, in yarious cases, is an im- 
portant part of mathematics as applied to electricity. (See the mathematical 
discussion of the experiments, Appendix D.) 

25. Electro-magnetic Measurement of Electric Quantity. — ^A conducting body 
insulated at all points from the neighbouring conductors may in various ways 
be electrified, or made to hold a quantity of electricity. This quantity (§ 14) 
is perfectly definite in any given circumstances ; it cannot be augmented or 
diminished so long as the conductor is insulated, and is called the charge of 
the conductor. Its magnitude depends on the dimensions and shape and 
position of the insulated and the neighbouring conductors, on the insulating 
material, and finally on the electromotive force between the insulated and the 
neighbouring conductors at the time when the charge was produced. The 
well-known Leyden jar is an arrangement by which a considerable charge 
can be obtained on a small conductor with moderate electromotive force be- 
tween the inner and outer coatings which constitute respectively the " insu- 
lated " and " neighbouring " conductors referred to in general. We need not 
enter into the general laws determining the charge, since our object is only 
to show how it may be measured when already existing ; but it may be well 
to state that the quantity on the charged insulated conductor necessarily im- 
plies an equal and opposite quantity on the surrounding or neighbouring 
conductors. 

We have already defined the magnitude of a current of electricity as sim- 
ply proportional to the quantity of electricity conveyed in a given time, an(J 
we have shown a method of measuring currents consonant with this definition. 
The unit quantity will therefore be that conveyed by the unit current as 
above defined in the unit of time. Thus if a unit current is allowed to flow 
for a unit of time in a wire connecting the two coatings of a Leyden phial, 
the quantity which one coating loses or which the other gains is the electro- 
magnetic unit quantity*. The measurement thus defined of the quantity in 
a given statical charge can be made by observing the swing of a galvanome- 
ter-needle produced by allowing the charge to pass through the coil of the 
galvanometer in a time extremely short compared with that occupied by an 
oscillation of the needle. 

Let Q be the whole quantity of electricity in an instantaneous current, 
then 

Q=2^*sini^, (12) 

TT 

where Cj=the strength of a current giving a unit deflection (46° on a tan- 
gent or 90° on a sine galvanometer), t = half the period or time of a complete 
oscillation of the needle of the galvanometer under the influence of terrestrial 
magnetism alone, and i= the angle to which the needle is observed to swing 
from, a position of rest when the discharge takes place ; Cj is a constant 
which need only be determined once for each instrument, provided the ho- 
rizontal force of the earth's magnetism remain unchanged. In the case of 
the tangent galvanometer, the formula for obtaiaing it has already been given. 
Prom equations (9) and (12) we have for a tangent galvanometer 

Q^4-H«Binii, (13) 

TT n 

* Weber calls this quantity two units— a fact which must not be lost sight of in com- 
paring his results with those of the Committee. 
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where, as before, ^asthe radius of the coil, and nsthe number of tarns made 
by the wire round the coil. 

The quantity in a given charge which can be continually reproduced under 
fixed conditions may be measured by allowing a succession of discharges to 
pass at regular and very short inteiTals through a galvanometer, so as to pro- 
duce a permanent deflection. The value of a current producing this deflection 
can be ascertained ; and the quotient of this value by the number of discharges 
taking place in a ' second ' gives the value of each charge in electro-magnetic 
measure. 

To find the dimensions of [Q], we simply observe that the unit of electricity 
is that which is transferred by the unit current in the unit of time. Multi- 
plying the dimensions of [C] by [T], we find the dimensions of [Q] are 

26. Electric Capacity of a Condiwtor, — It is found by experiment that, 
other circumstances remaining the same, the charge on an insulated conductor 
is simply proportional to the electromotive force between it and the surround- 
ing conductors, or, in other words, to the difference of potentials (47). The 
charge that would be produced by the unit electromotive force is said to 
measure the electric capacity of a conductor. Thus, generally, the capacity 

Q . 

of a conductor S= -r;;^ where Q is the whole quantity in the charge produced 

by the electromotive force E. When the electromotive force producing the 
charge is capable of maintaining a current, the capacity of the conductor may 
be obtained without a knowledge of the value either of ft or E, provided we 
have the means of measuring the resistance of a circuit in electro-magnetic 
measure. Eor let R^ be the resistance of a circuit, in which the given elec- 
tromotive force E will produce the unit deflection on a tangent galvano- 
meter, then, from equations (6) and (12), we have 

S=2i^\ (14) 

where t and i retain the same signification as in equation (13) (§ 25). 

27. Direct Mea,surement of Electromotive Force, — The meaning of the words 
" electromotive force " has already been explained (§ 16); this force tends to 
do work by means of a current or transfer of electricity, and may therefore 
be said to produce and maintain the current. In any given combination in 
which electric currents flow, the immediate source of the power by which the 
work is done is said to produce the electromotive force. The sources of power 
producing electromotive force are various. Of these, chemical action in the 
voltaic "battery, unequal distribution of temperature in circuits of different 
conductors, the friction of diflferent substances, magneto-electric induction, 
and simple electric induction are the most familiar. An electromotive force 
may exist between two points of a conductor, or between two points of an 
insulator, or between an insulator and a conductor, — in fine, between any 
points whatever. This electromotive force may be capable of maintaining a 
current for a long time, as in a voltaic battery, or may instantly cease after 
producing a current of no sensible duration, as when two points of the atmo- 
sphere at different potentials (§ 47) are joined by a conductor; but in e^erj 
case in which a constant electromotive force E is maintained between any two 
points, however situated, the work spent or gained in transferring a quantity, 
Q, of electricity from one of those points to the other will be constant ; nor 
will this work be affected by the manner or method of the transfer. If 
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the electricity be slowly conveyed as a static charge on an insulated baU, the 
work will be spent or gained in accelerating or retarding the baU ; if the elec- 
tricity be conveyed rapidly through a conductor of small resistance, or more 
slowly through a conductor of great resistance, the work may be spent in heat- 
ing the conductor, or it may electrolyze a solution, or be thermo-electrically 
or mechanically used ; but in all cases the change effected, measured as equi- 
valent to work done, wiU be the same, and equal to EQ. Hence the electro- 
motive force from the point A to the point B is unity, if a unit of mechaniccd 
work is gained in the transfer of a unit of electricity from A to B. This 
general definition is due to Professor W. Thomson. 

The direct measurement of electromotive force may be made by the mea- 
Burement in any given case of the work done by the transfer of a given 
quantity of electricity. The ratio between the numbers measuring the work 
done and the quantity transferred would measure the electromotive force. 
This measurement has been made by Dr. Joule and Professor Thomson, by 
determining the heat developed in a wire by a given current measured as in 

§18*. 

28. Indirect Measurements of Electromotive Force, — The direct method of 
measurement is in most cases inconvenient, and in many impossible ; but the 
indirect methods are numerous and easily applied. The relation between the 
current, C, the resistance, E, and the electromotive force, E, expressed by 
Ohm's law (equation 6), will determine the electromotive force of a battery 
whenever R and C are known. A second indirect method depends on the 
measurement of the statical force with which two bodies attract one another 
when the given electromotive force is maintained between them. This me- 
thod is fully treated in Part IV. (43). The phenomenon on which it is based 
admits of an easy comparison between various electromotive forces by electro- 
meters. This method is applicable even to those cases in which the electro- 
motive force to be measured is incapable of maintaining a current. The 
laws of chemical electrolysis and electro-magnetic induction aiford two other 
indirect methods of estimating electromotive force in special cases (54 
and 31). 

29. Measurement of Electric Resistance, — ^We have already stated that the 
resistance of a conductor is that property in virtue of which it limits the 
amount of work performed by a given electromotive force in a given time, 

E 

and we have shown that it may be measured by the ratio p of the electro- 
motive force between two ends of a conductor to the current maintained by 
it. The unit resistance is therefore that in which the unit electromotive 
force produces the unit current, and therefore performs the unit of work in 
the unit of time. If in any circuit we can measure the current and electro- 
motive force, or even the ratio of these magnitudes, we should, ipso facto, have 
measured the resistance of the circuit. The methods by which this ratio has 
been measured, founded on the laws of electro-magnetic induction, are fully 
described in Appendix D, Other methods may be founded on the measure- 
ment of currents and electromotive forces described in 18, 19, 20, 27, and 
28. Lastly, a method founded on the gradual loss of charge through very 
great resistances will be found in. Part lY. (45). The equation (25) there 
given for electrostatic measure is applicable to electro-magnetic measure 
when the capacity and difference of potentials are expressed in electro-mag- 
netic imits. 

* Phil. Mag. vol. ii. 4th ser. 1851, p. 661. 
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30. Electric Resistance in Electro-magnetic Units is measured by an Absolute 
Velocity. — The dimensions of [RJ are found, by comparing those of [E] and 

[C], to be rp L or those of a simple velocity. This velocity, as was pointed 

out by Weber, is an absolute velocity in nature quite independent of the 
magnitude of the fundamental units in which it is expressed. The following 
illustration, due to Professor Thomson, will show how a velocity may express 
a resistance, and a^so how that expression may be independent of the magni- 
tude of the units of time and space. 

Let a wire of any material be bent into an arc of 57|° with any radius, Jc. 
Let this arc be placed in the magnetic meridian of any magnetic field, with a 
magnet of any strength freely suspended in the centre of the arc. Let two 
vertical wires or rails, separated by a distance equal to Ar, be attached by a wire 
to the ends of the arc ; and let a cross piece slide along these rails inducing a 
current in the arc. Then it may be shown that the speed required to pro- 
duce a deflection of 45° on the magnet will measure the resistance of the 
circuit, which is assumed to be constant. This speed will be the same what- 
ever be the value of Ar, or the intensity of the magnetic field, or the moment 
of the magnet. In this form the experiment could not be easily carried out; 
but if a length, I, of wire be taken and roUed into a circular coil at the radius 

Jc, and the distance between the vertical rails be taken equal to y ' then if the 

resistance of the circuit be the same as in the previous case, the deflection of 
45° will be produced by the same velocity in the cross piece, measuring that 

resistance; or, generally, if the distance between the rails be ^py, then 2> 

times the velocity required to produce the unit deflection (45°) will measure 
the resistance. The truth of this proposition can easily be established when 
the laws of magneto-electric induction have been understood (31). 

31. Magneto-electric Induction. — Let a conducting circuit be placed in a 
magnetic field. Let C be the intensity of any current in that circuit ; E the 
magnitude of the electromotive force acting in the circuit. Let the circuit 
be so moved that the number of lines of magnetic force (11) passing through 
the area which it encloses is increased by N" in the time <, then (23) the 
electro-magnetic forces will contribute towards the motion an amount of work 
measured by CN. Now Q, the quantity of electricity which passes, is equal 
to C< ; so that the work done on the current is EQ or CE«. By the principle 
of conservation of energy, the work done by the electro-magnetic forces must 
be at the expense of that done by the electromotive forces, or 

CN+CE<=0; 

or dividing by C<, we find that 

N 
E= — -— ; . . ♦ (15) 

V 

or, in other words, if the number of lines of force passing through the area 
enclosed by a circuit be increased, an electromotive force in the negative 
direction will act in the circuit measured by the number of lines of force 
added per second. 

If R be the resistance of the circuit, we have, by Ohm's law (equation 
6),E=CR; and therefore 

N=-Ete-RCte~BQ; (16) 
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or, in other words, if the Dumher of lines of magnetic force passing through 
the area enclosed hy the circuit is altered, a current will be produced in the 
circuit in the direction opposite to that of a current which would have pro- 
duced lines of force in the direction of those added, and the quantity of 
electricity which passes multiplied by the resistance of the circuit measures 
the number of additional lines passing through the area enclosed by the 
circuit. 

The facts of magneto-electric induction were discovered by Faraday, 
and described by him in the First Series of his " Experimental Researches 
in Electricity," read to the Royal Society, 24th November, 1831. 

He has shown* the relation between ike induced current and the lines of 
force cut by the circuit treated as a surface or area, and he has also described 
the state of a conductor in a field of force as a state the change of which is a 
cause of currents. He calls it the electrotonic state ; and, as we have just 
seen, the electrotonic state may be measured by the number of lines of force 
which pass through the circuit at any time. 

The measure of electromotive force used by W. Weber, and derived by him 
(independently of the principle of conservation of energy) from the motion of 
a conductor in a magnetic field, is the same as that at which we have arrived ; 
for, from equation (15), we find that the unit electromotive force will be pro- 
duced by motion in a magnetic field when one line of force is added (or sub- 
tracted) per unit of time, and this will occur when in a field of unit intensity 
a straight bar of unit length, forming part of a circuit otherwise at rest, is 
moved with unit velocity perpendicularly to the lines of force and to its own 
direction. 

To W. Weber, whose numerical determinations of electrical magnitudes are 
the starting-point of exact science in electricity, we owe this, the first defini- 
tion of the unit of electromotive force ; but to Professor Helmholtzf and to 
Professor W. Thomson J, working independently of each other, we owe the 
proof of the necessary existence of magneto-electric induction and the deter- 
mination of electromotive force on strictly mechanical principles. 

32. On Material Standards for the Measurement of Electric Magnitudes. — 
The comparison between two different electrical magnitudes of the same 
nature, e, g, between two currents or between two resistances, is in all cases 
much simpler than the direct measurements of these magnitudes in terms of 
time, mass, and space, as described in the foregoing pages. Much labour is, 
therefore, saved by the use of standards of each magnitude ; and the construc- 
tion and diffusion of those standards form part of the duties of the Committee. 

Electric currents are most simply compared by " electro-dynamometers" (20) 
— instruments which, unlike galvanometers, are practically independent of the 
intensity of the earth's magnetism. When an instrument of this kind has 
been constructed, with which the values of the currents corresponding to 
each deflection has been measured (19, 20), other instruments may easily 
be 80 compared with this standard, that the relative value of the deflections 
produced by equal currents on the standard and the copies shall be known. 
Hence the absolute value of the current indicated by each deflection of each 
copy will be known in absolute measure. In other words, in order to obtain 
the electro -magnetic measure of a current in the system described, each obser- 
ver in possession of an electro-dynamometer which has been compared with 

* Experimental Researches, 3082, &c. 

t Paper read before the Physical Society of Berlin, 1847 (vide Taylor*8 Scientific 
Memoirs, part ii, Feb. 1853, p. 114). 

X Transactions of the British Association, 1848; Phil. Mag., Dec. 1851. 
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the standard instminent will simply multiply by a constant number the de- 
flection produced by the current on his instrument (or the tangent or sine of 
the deflection, according to the particular construction of the instrument). 

Electric quantities may be compared by the swing of the needle of a gal- 
vanometer of any kind. They may be measured by any one in possession of a 
standard electro-dynamometer, or resistance-coil, since the observer will then 
be in a position directly to determine C, in equation (12), or B., in equation (14), 

Capacities may be compared by the methods described (26) ; and a Leyden 
jar or condenser (41) of unit capacity, and copies derived from it, may be pre- 
pared and distributed. The owner of such a condenser, if he can measure 
electromotive force, can determine the quantity in his condenser. 

The material standard for electromotive force derived from electro-magnetic 
phenomena would naturally be a conductor of known shape and dimensions, 
moving in a known manner in a known magnetic fleld. Such a standard as 
this would be far too complex to be practically useful : fortunately a very 
simple and practical standard or gauge of electromotive force can be based 
on its statical eflects, and will be described in treating of those eflects (Part 
lY. 43). A practical standard for approximate measurements might be 
formed by a voltaic couple, the constituent parts of which were in a standard 
condition. It is probable that the Daniell's cell may form a practical stan- 
dard of reference in this way, when its value in electro-magnetic measure 
is known. This value (centimetre-gramme second) lies between 9 x lO'' and 
11 X 107 (or 9 X 10* and 11 X 10* metre-gramme second). [NoU, 1872.— Mr. 
Latimer Clark's ceU equal to 1*457 X 10^ centimetre-gramme second series, or 
1*467 X 10* metre-gramme second series, is a better standard of E.M.F. This 
cell is composed of pure mercury as the negative element, the mercury being 
covered by a paste made by boiling mercurous sulphate in a thoroughly satu* 
rated solution of zinc sulphate, the positive element consisting of pure zinc 
resting on the paste. This element must not be used to produce a current, 
but forms an excellent standard of E.M.F., when compared with other cells, 
by any method which does not involve the passage of a current through the 
cell (vide * Proc. Roy. Soc' no. 136, 1872).] 

Resistances are compared by comparing currents produced in the several 
conductors by one and the same electromotive force. The ui^t resistance, 
determined as in Appendix D, will be represented by a material conductor ; 
simple coHs of insulated wire compared with this standard, and issued by the 
Committee, will allow any observer to measure any resistance in electro- 
magnetic measure. 



Part rV. — Mbasfbbmbnt op Electbic Phenomena by Statical Effects. 

33. Electrostatic Measure of Electric Quantity, — By the application of a 
sufficient electromotive force between two parts of a conductor which does 
not form a circuit, it is possible to communicate to either part a charge of 
electricity which may be maintained in both parts, if properly insulated (14). 
With the ordinary electromotive forces due to induction or chemical action, 
and the ordinary size of insulated conductors, the charge of electricity in 
electro-magnetic measure is exceedingly small ; but when the capacity of the 
conductor is great, as in the case of long submarine cables, the charge may 
be considerable. By making use of the electromotive force produced by the 
friction of unlike substances, the charge or electrification even of small bodies 
may be made to produce visible effects. The electricity in a charge is 
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not essentially in motion, as is the case with the electricity in a current. 
In other words, a charge may he permanently maintained without the per- 
formance of work. Electricity in this condition is therefore frequently 
spoken of as statical electricity, and its effects, to distinguish them from 
those produced by currents, may be called statical effects. The peculiar pro- 
perties of electrically charged bodies are these : — 

1. When one body is charged positively (14), some other body or bodies 
must be charged negatively to the same extent. 

2. Two bodies repel one another when both are charged positively, or both 
negatively, and attract when oppositely charged. 

3. These forces are inversely proportional to the square of the distance of 
the attracting or repelling charges of electricity. 

4. If a body electrified in any given invariable manner be placed in the 
neighbourhood of any number of electrified bodies, it will experience a force 
which is the resultant of the forces that would be separately exerted upon it 
by the different bodies if they were placed in succession in the positions 
which they actually occupy, without any alteration in their electriccd con- 
ditions. 

From these propositions it follows that, at a given distance, the force, /, 
with which two small electrified bodies repel one another is proportional to 
the product of the charges, q and ^j, upon them. But when the distance 
varies, this force, /, is inversely proportional to the square of the distance, rf, 
between them ; hence 

/=f (17) 

When q and q^ are of dissimilar signs, / becomes negative, t. e. there is an 
attraction, and not a repulsion. This equation is incompatible with the 
electro-magnetic definitions given in Part III., and, if it be allowed to be 
fundamental, gives a new definition of the unit quantity of electricity, as 
that quantity which, if placed at unit distance from another equal quantity 
of the same kind, repels it with unit force. 

34. Electrostatic System of Units. — This new measurement of quantity 
forms the foundation of a distinct system or series of units, which may be 
called the electrostatic units, and measurements in these units will in these 
pages be designated by the use of small letters ; thus, as Q, C, &c. signify the 
number of electrostatic units in the same quantities, currents, <fec. in electro^ 
magnetic measure, so q, c, e, and r, &c. will represent the electrostatic mea- 
sure of quantity, current, electromotive force, resistance, &c. 

The relations between current and quantity, between work, current, and 
electromotive force, and between electromotive force, current, and resistance, 
remain unchanged by the change from the electro-magnetic to the electro- 
static system; 

35. Ratio between Electrostatic and Electro-magnetic Measures of Quantity. 
— Since the expression forming the second member of equation (17) represents 

a force the dimensions of which are -=^ , the dimensions of [ql are , 

The dimensions of the unit of electricity, [Q], in the electro-magnetic system 
are [L M ] (25), Hence, since in passing from the one system to the other we 

must employ the ratio ^, this ratio will be of the dimension ?p I ; that is to 
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say, it is of the nature of a velocity. In the present treatise this velocity 
will be designated by the letter v. 

The first estimate of the relation between quantity of electricity measured 
statically and the quantity transferred by a current in a given time was made 
by Paraday*. A careful experimental investigation by MM.. Weber and 
Kohlrauschf not only confirms the conclusion that the two kinds of measure- 
ments are consistent, but shows that the velocity v is 310,740,000 metres 
per second — a velocity not differing from the estimated velocity of light more 
than the different determinations of the latter quantity differ fW)m each other. 
V must always be a constant real velocity in nature, and should be measured 
in terms of the system of fundamental units adopted in electrical measure- 
ments (3 and 66). A redetermination of v (46) will form part of the present 
Committee's business in 1863-64. It will be seen that, by definition, the 
quantity transmitted by an electro-magnetic unit current in the unit time is* 
equal to v electrostatic units of quantity. In the centimetre-gramme second 
series the value of v will clearly be 100 times as great as that given above. 

36. Electrostatic Measure of Currents, — In any coherent system, a current 
is measured by the quantity of electricity which passes in ttie unit of time 
(16) ; if both current and quantity are measured in electrostatic units, then 

«=f • • (18) 

The dimensions of [c] are therefore _. - ; and in order to reduce a cur- 
rent from electro-magnetic to electrostatic measure, we must multiply C by v, 
or c=vQ (19) 

37. Electrostatic Measure of Electromotive Force, — The statical measure of 
an electromotive force is the work which would be done by electrical forces 
during the passage of a unit of electricity from one point to another. The 
only difference between this definition and the electro-magnetic definition 
(16 and 27) consists in the change of the unit of electricity from the electro- 
magnetic to the electrostatic. 

Hence if q units of electricity are transferred from one place to another, 
the electromotive force between those places being e, the work done during 
the transfer will be qe ; but we found (27) that if E and Q be the electro- 
magnetic measures of Ihe same quantities, the work done would be expressed 
byQE; hence 

26= QE; 

but (35) S^=t;Q, 

E 
therefore e=- (20) 

Thus, to reduce electromotive force from electro -magnetic to electrostatic 
measure, we must divide by v. 

The dimensions of e are — — - . 

38. Electrostatic Measure of Resistant, — If an electromotive force, «, act 

* Experimental Researches, series iii. § 361, &o. 

t Abhandlun^en der Eonig. Sachsischen Ges. Bd. iii. (1857) p. 260 ; or, Poggendorff's 
Annalen, Bd. xoix. p. 10 (Aug. 1866). 
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on a condactor whose resistance ia electrostatic measure is r, and product a 
current, c, then by Ohm's law 

'•"J (21) 

Substituting for e and e their equivalents in electro-magnetic measure (equa- 
tions 19 and 20), we have 

IE 

?C' 

E 
but (eq. 7) It=n, 

and therefore r= aR. . • (22) 

Hence, to reduce a resistance measured in electro-magnetic units to its 
electrostatic value, we must divide by v'. 

The dimensions of [r] are =- I , or the reciprocal of a velocity. 

39. Electric JResistance in Electrostatic Units is measured hy the Reciprocal 
of an Absolute Velocity, — ^We have seen from the last paragraph that the 
dimensions of r establish this proposition ; but the following independent de- 
finition, due to Professor W. Thomson, assists the mind in receiving this con- 
ception as a necessary natural truth. Conceive a sphere of radius ^, charged 
with a given quantity of electricity, Q. The potential of the sphere, when 

at a distance from all other bodies, wiU be -^ (40, 41, and 47). Let it now 

be discharged through a certain resistance, r. Then if the sphet-e could col- 
lapse with such a velocity that its potential should remain constant, or, in 
other words, that the ratio of the quantity on the sphere to its radius should 
remain constant, during the discharge, then the time occupied by its radius in 
shrinking the unit of length would measure the resistance of the discharging 
conductor in electrostatic measure, or the velocity with which its radius 
diminished would measure the conducting power (50) of the discharging con- 
ductor. Thus the conducting power of a few yards of silk in dry weather 
might be an inch per second, in damp weather a yard per second. The re- 
sistance of 1000 miles of pure copper wire, -^-^ inch in diameter, would bo 
about 0-00000141 of a second per metre, or its conducting power one metre 
per 0-00000141 of a second, or 709220 metres per second. 

40. Electrostatic Measure of the Capacity of a Conductor, — The electrostatic 
capacity of a conductor is equal to the quantity of electricity with which it 
can be charged by the unit electromotive force. This definition is identical 
with that given of capacity measured in electro-magnetic units (26). Let s 
be the capacity of a conductor, g[ the electricity in it, and e the electromotive 
force charging it ; then 

q=zse, .......... (23) 

Prom this equation we can see that the dimension of the quantity s is a 
length only. It will also be seen that 

s^v% c . (24) 

where S is the electro-magnetic measure of the capacity of the conductor with 
the electrostatic capacity, s. 
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The capacity of a spherical conductor in an open space is, in electrostatic 
measure, equal to the radius of the sphere — a fact demonstrable from the 
fundamental equation (17). 

. Experimentally to determine 5, the capacity of the conductor in electro- 
static measure, charge it "with a quantity, q, of electricity, and measure in 
any unit its potential (47), e. Then bring it into electrical connexion with 
another conductor whose capacity, s^, is known. Measure the potential, e^, 
of 8 and 8^ after the charge is divided between them ; then 

and hence ^^T~h 'i- ••••••• . (25) 

In this measurement we do not require to know e and <?, in absolute measure, 
since the ratio of these two quantities only is required. We must, how- 
ever, know the value of 8^ ; and hence we must begin either with a spherical 
conductor in a large open space, whose capacity is measured by its radius, 
or with some other form of absolute condenser alluded to in the following 
paragraph. 

41. Absolute Condenser, Practical Measurement of Quantity, i—A» soon as 
the electromotive force of a source of electricity is known in electrostatic 
measure, the quantity which it will produce in the form of charge on simple 
figures is known by the laws of electrical distribution experimentally proved 
by Coulomb. Such simple figures may be termed absolute condensers, A 
sphere in an open space is such a condenser, and its capacity is numerically 
equal to its radius. A more convenient form is a sphere of radius a?, sus- 
pended in the centre of a hollow sphere, radius y, the latter being in com- 
munication with the earth. The capacity, 8, of the internal sphere is then, 
by calculation, 

'-y-?^- (26) 

By a series of condensers of increasing capacity, we may measure the capacity 
of any condenser, however large. The comparison is made by the method 
described above (40). Thus, the practical method of measuring quantity in 
electrostatic measure is first to determine the capacity of the conductor con- 
taining the charge, and then to multiply that capacity by the electromotive 
force producing the charge (43). 

42. Practical Measurement of Currents. — ^The electrostatic value of currents 
can be obtained from equation (21), when e and r are known, or from equa- 
tion (19), when v and C are known, or by comparison with a succession of 
discharges of known quantities from an absolute condenser. 

43. Practical Measurement of Electromotive Force, — ^The relations expressed 
by eq. (17) and (23) show that in any given circumstances the force exerted 
between two bodies due to the effects of statical electricity will be proportional 
to the electromotive force or difference of potential (47) between them. This 
fact allows us to construct gauges of electromotive force, or instruments so 
arranged that a given electromotive force between two parts of the apparatus 
brings an iudex into a sighted position. In order that the gauge should serve 
to measure the electromotive force absolutely, it is necessary that two things 
should be known : first, the distribution of the electricity over the two attract- 
ing or repelling masses (or, in other words, the capacity of each part) ; secondly, 
the absolute force exerted between them. For simple forms, the distribution 
or capacity of each part can be calculated from the fundamental principles 
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(33) ; the force actaally exerted can be weighed by a balance. By these 
means Professor W. Thomson* determined the electromotive force of a 
DanieU's cell to be 0-0021 in British electrostatic units, or 0-0002951 in 
metrical units, or 0-002951 in centimetrical units. This proposition is 
equivalent to saying that two balls of a metre radius, at a distance d apart, 
measured in metres, in a large open space, and in connexion with the oppo- 
site poles of a Daniell's cell, would attract one another with a force equal 

0-0002951 X 0-0002951 „^„,,„,, „,,„.„„i „„;, 

^^ 0-000000008876 g^^n^e weight. 
d^ 
An apparatus by which such a measurement as the foregoing can be carried 
out is called an absolute electrometer. It will be observed that, although 
the definition of electromotive force is founded on the idea of work, its prac- 
tical measurement is effected by observing a force, inasmuch as when this 
force exerted between two conductors of simple shape is known, the work 
which the passage of a unit of electricity between them would perform may 

be calculated by known laws. , . 

44. Comparison of Electromotive Forces by their Statical EffecU^-^^ltnA 
comparison is simpler than the absolute measurement, inasmuch as it is not 
necessary, in comparing two forces, to know the absolute values of either. 
Instruments by which the comparison can be made are called electrometers. 
Their arrangement is of necessity such that the force exerted between two 
given parts of the instrument shall be proportional to the difference of poteniial 
between them f. This force may be variable and measured by the torsion of a 
wire, as in Thomson's reflecting electrometer, or it may be constant, and the 
electromotive forces producing it maybe compared by measurmg the distance 
between the two electrified bodies at which these attract each other with 
that constant force. The latter arrangement is adopted in Professor I^om- 
son's portable electrometer, first exhibited at the present meeting of the 
Association. The indications of a gauge or electrometer not in itselt absolute 
may be reduced to absolute measurement by multiplication into a constant 

coefficient. rr., i ^ j. i_- • i. 

45. I^aUicalMeamremmtofElectrioBfimtame.--'TkQ^^^ 

ance of a conductor of great resistance (such, as gutta percha or india rubber) 
might be directly obtained in the foUowing manner :— Let a body ot known 
capacity, s (40), be charged to a given potential, P (47), and let it be graduaUy 
discharged through the conductor of great resistance, r. Let the time, t, be 
noted at the end of which the potential of the body has faUen to p. Ihe rate 

— < P 

oflossof electricity will then be £. HenceiJ^Pe^-^and --=:log, -. Hence 



sr 

t 



P r. 



(27) 

8 log« ^ 
P 

from which equation r can be deduced, if s, t, and the ratio ^ be known, t can 

be directly observed, 8 can be measured (40), and the ratio - can be measured 

* Paper read before the Royal Society, February 1860. Hc^e Proceedings of the Royal 
Society, voL x. p. 319, and Phil. Mag. rol. xx. 4th ser. (1860) p. 233. 

f A bifilar suspension is now used (1872). ^ 
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by an electrometer (44) in constant connexion with the charged body. This 
ratio can also be measured by the relative discharges through a galvanometer, 
first, immediately after the body has been charged to the potential P, and 
again when, after having been recharged to the potential P, it has, after a time 
t, fallen to potential jp. (This latter plan has long been practically nsed by 
Messrs. Siemens, although the results have not been expressed in absolute 
measure.) 

Unfortunately, in those bodies, such as gutta percha and india rubber, the 
resistance of which is sufficiently great to make t a measurable time, the 
phenomenon of absorption due to continued electrification * so complicates the 
experiment as to render it practically unavailable for any exact determination. 
The apparent effect of absorption is to cause r, the resistance of the material, 
to be a quantity variable with the time t ; and the laws of the variation kre 
very imperfectly known. 

46. Experimental Determination of the Ratio, v, between Electro-magnetic and 
Electrostatic Measures of Quantity, — In order to obtain the value of v, it is 
necessary and sufficient that we should obtain a common electrostatic and 
electro-magnetic measure of some one quantity, current, resistance, electro- 
motive force, or capacity. There are thus five known methods by which the 
value can be obtained : — 

1°. By a common measure of quantity. Let a condenser of known capacity, 
a, be prepared (40). Let it be charged to a given potential P (47). Then 
the quantity in the condenser will be sP in electrostatic measure. The 
charge can next be measured by discharge through a galvanometer (26) in 
electro-magnetic measure. The ratio between the two numbers will give the 
value of V. The only difficulty in this method consists in the measurement 
of the potential P, entailing the measurement of an absolute force between 
two electrified bodies. This method was proposed and adopted by Weber +. 

2**. By a comparison of the measure of electromotive force. The electro- 
motive force produced by a battery, in electrostatic measure, can be directly 
weighed (43). Its electromotive force, in electro-magnetic measure, can bo 
obtained from the current it produces in a given resistance (28). The ratio 
of the two numbers will give the value of v. This method has been carried 
out by Professor W. Thomson, who was not, however, at the time in pos- 
session of the means of determining accurately either the absolute resistance 
of his circuit or the absolute value of the current J. 

3°. By a common measure of resistance. We know (29 and 45) how to 
measure resistances in electro-magnetic and electrostatic measure. The ratio 
between these measures is equal to v^. The measure of resistance in electro- 
static measure is not as yet susceptible of great accuracy. 

4<». By a comparison of currents. The electro-magnetic value of a current 
produced by a rapid succession of discharges from- a condenser of capacity 
s can be measured (18, 19). The electrostatic value of the current will be 
known if the potential to which the condenser is charged be known. The 
ratio of the two*numbers is equal to v. 

5*». By a common measure of capacity. The two measurements can be 
effected by the methods given (2^ and 40). The ratio between the two 

/ . . . 

* Vide Transactions of British Association, 1859, p. 248, and Eeport of the Committee 
of Board of Trade on Submarine Cables, pp. 13G & 464. 

t Pogg. Ann., Aug. 1856, Bd. xcir. p. 10. Abhandliingen der Koni Sachsiscben Gesell- 
schaft, vol. iii. (1857) p. 266. 

\ Paper read before the Royal Society, February 1860. Vide Proceedings of the Royal 
Society, Yol. X. p. 319. 
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measurements will give v^. This method would probably yield very accurate 
results. 

Part T. — ^Electbical Mkasuremekts derived from the JFivb Elehekiaey 

Measurements ; ai^d Conclusion. 

. 47. Electric Potential, — The word " potential," as applied by G.Green to the 
condition of an electrified body and the space surrounding it, is now coming 
into extensive use, but is perhaps less generally understood than any other 
electrical term. Electric potential is defined by Prof. W. Thomson as follows* : 

'* The potential, at any point in the neighbourhood of or within an electrified 
body, is the quantity of work that would be required to bring a unit of posi- 
tive electricity from an infinite distance to that point, if the given distribution 
of electricity remained unaltered." 

It will be observed that this definition is exactly analogous to that given 
of magnetic potential (10), with the substitution of the unit quantity of 
electricity for the unit magnetic pole. (Analogous definitions might be given 
of gravitation potential, heat potential ; and every one of these potentials 
coexist at every point of space quite independently one of the oilier.) In 
another paper t Professor Thomson describes electric potential as follows:-^ 
" The amount of work required to move a unit of electricity against electric 
repulsion from any one position to any other position is equal to the excess 
of the electric potential of the first position above the electric potential of the 
second position." 

The two definitions given are virtually identical, since the potential at 
every point of infinity is zero ; and it will be seen that the difference of 
potential defined in the second passage quoted is identical with what we 
have called the electromotive force between the two points (16 and 27). 

When, instead of a difference of potentials, the potential simply of a 
point is spoken of, the difference of potential between the point and the 
earth is referred to, or, as we might say, the electromotive force between the 
point and the earth. 

The potential at all points close to the surface and in the interior of any 
simple metatlic body is constant ; that is to say, no electromotive force can be 
produced in a simple metallic body by mere electrical distribution ; the 
potential at the body may therefore be called the potential of the body. The 
potential of a metallic body varies according to the distribution, dimensions, 
position, and electrification of all surrounding bodies. It also depends on the 
substance forming the dielectric. 

In any given circumstances, the potential of the body will be simply pro- 
portional to the quantity of electricity with which it is charged ; but if the 
circumstances are altered, the potential will vary although the total amount 
of the charge may remain constant. 

In a closed circuit in which a current circulates, the potential of all parts 
of the circuit is differont ; the difference depends on the resistance of each 
part and on the electromotive force of the source of electricity, L e, on the 
difference of potentials which it is capable of causing when its two electrodes 
are separated by an insulator or dielectric. The different parts of a conductor 
moving in a magnetic field are maintained at different potentials, inasmuch 
as we have shown that an electromotive force is produced in this case. The 

♦ Paper read before the British Association, 1862. Vide Phil. Mag. 1853, p. 288. 
t Paper read before the Koyal Society, February 1860. Vide Proceedings of the Boyal 
Society, vol. x. p. 334. 
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potential of a body moying in an electric field (i, e, in the neighbourhood of 
electrified bodies) is constantly changing, but at any given moment the 
potential of all the parts is equal. The use of the word " potential " has the 
following advantages: it enables us to be more concise than if we were 
ccntinually obliged to use the circumlocution, " electromotive force-between 
the point and the earth ; " and it avoids the conception of a force capable of 
generating a current, which almost necessarily, although falsely, is attached 
to " electromotive force." 

Equipotential surfEices and lines of force in an electric field may be eon^ 
jstructed for statically electrified bodies; these surfEices and lines may be 
drawn on similar principles and possess analogous properties to those described 
■in a magnetic field (10). It is hardly necessary to observe that the magnetid 
luid the electric fields are^ totally distinct, and coexist without producing any 
mutual influence or interference. 

The rate of variation of electric potential per unit of length along a line of 
force is at any point equal to the electrostatic force at that point, t. e. to the 
force which a unit of electricity placed there would experience. The unit 
difierence of potential is identical with the unit electromotive force ; and the 
electrometer spoken of as measuring electromotive force measures potentials 
or difierences of potential. 

48. Density, Bestdtant Electric Force, Electric Pressure. — ^The three fol- 
lowing definitions are taken almost literally from a paper by Professor W. 
Thomson*. Our treatise would be incomplete without reference to these 
terms, and Professor Thomson's definitions can hardly be improved. 

" Electric Density. — ^This term was introduced by Coulomb to designate the 
quantity of electricity per unit of area in any part of the surface of a con- 
ductor. He showed how to measure it, though not in absolute measure, by 
his proof-plane. 

** Resultant Electric Force. — ^The resultant force in air or other insulating 
fluid in the neighbourhood of an electrified body is the force which a unit of 
electricity concentrated at that point would experience if it exercised no 
influence on the electric distributions in its neighbourhood. The resultant 
force at any point in the fiir close to the surface of a conductor is perpen- 
dicular to the surface, and equal to 4 wp, if p designates the electric density of 
the surface in the neighbourhood. 

" Electric Pressure from the Surface of a Conductor balanced hy Air. — ^A 
thin metallic shell or liquid film (as, for instance, a soap-bubble), if electrified, 
experiences a real mechanical force in a direction perpendicular to the sur- 
face outwards, equal in amount per unit of area to 2vp^, p denoting, as before, 
the electric density at the part of the surface considered. In the case of a 
soap-bubble its effect will be to cause a slight enlargement of the bubble on 
electrification with either vitreous or resinous electricity, and a corresponding 
collapse on being perfectly discharged. In every case we may consider it as 
constituting a deduction from the amount of air-pressure which the body &x^ 
periences when unelectrified. The amount of deduction being different in 
different parts according to the square of the electric density, its resultant 
action on the whole body disturbs its equilibrium, and constitutes in feet the 
resultant electric force experienced by the iJody." 

49. Tension. — The use of this word has been intentionally avoided by us 
in this, treatise, because the term has been somewhat loosely used by various 
writers, sometimes apparently expressing what we have called the density, 

* Paper read before the Eoyal Society, Feb. Ig^Q, yid^ Proc. E. S. vol. x. p. 319 (1860), 
and Phil. Mag: vol. XX. eer. 4 (1860), p. 322, 
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and at others diminution of air-pressure. By some writers it has been used 
in the sense of a magnitude proportional to potential or difference of potentials, 
but without the conception of absolute measurement, or without reference 
to the idea of work essential in the conception of potential. 

60. CondifcHng Power, Specific Eesistance, and /Specific Conducting 
Tower, 

Conductiny Powtr^ 'or 'Conductivity, — These expressions are employed to 
signify the reciprocal of the resistance of any conductor. Thus, if the re- 
sistance of a wire be expressed by the number 2, its conducting power will 
be 0*5. 

Specific Resistance referred to unit of Mass. — ^The specific resistance of a 
material at a given temperature may be defined as the resistance of the unit 
mass formed into a conductor of unit length and of uniform section. Thus 
the specific resistance of a metal in the metrical system is the resistance of a 
wire of that metal one metre long and weighing one gramme. If the centi- 
metre is used as the fundamental unit, the spftifio resistance of a metal is 
the resistance of a wire of that metal one centimetre long and weighing one 
gramme. 

The Specific Conducting Power of a material is the reciprocal of its specific 
resistance. 

Specific resistance, referred to unit of volume, is the resistance opposed by 
the unit cube of the material to the passage of electricity between two opposed 
faces. It may easily be deduced from the specific resistance referred to unit 
of mass, when the specific gravity of the material is known. 

Specific Conducting Power may also be referred to unit of volume. It is of 
course the reciprocal of the specific resistance referred to the same unit. 

It is somewhat more convenient to refer the resistance to the unit of mass 
in the case of long uniform conductors, such as metal wires, of which the size 
is frequently and easily measured by the weight per foot or metre or centi- 
metre ; and it is, on the other hand, more convenient to refer to the unit of 
volume bodies, such as gutta percha, glass, &c,, which do not generally occur 
as conducting-rods of uniform section, while their dimensions can always be 
measured with at least as much accuracy as their weights. 

61. Specific Inductive Capacity*, — Faraday discovered that the capacity 
of a conductor does not depend simply on its dimensions or on its position 
relatively to other conductors, but is influenced in amount by the nature of 
the insulator or dielectric separating it from them. The laws of induction 
are assumed to be the same in all insulating materials, although the amount 
be different. The name " inductive capacity " is given to that quality of an 
insulator in virtue of which it affects the capacity of the conductor it sur- 
rounds ; and this quality is measured by reference to air, which ia assumed 
to possess the unit inductive capacity. The specific inductive capacity of a 
material is therefore equal to the quotient of the capacity of any conductor 
insulated by that material from the surrounded conductors, divided by the 
capacity of the same conductor in the same position separated from them by 
air only. It is not improbable that this view of induction may be hero- 
after modified. 

52, Seat produced in a Conductor hy a Current. — The work done in driving 
a current, C, for a unit of time through a conductor wh.ose resistance is E, by an 
electromotive force E, is EC = EC^ (§ 17). This work is lost as electrical 
energy, and is transformed into heat. As Dr. Joule has ascertained the 
quantity of mechanical work equivalent to one unit of heat, wo can calculate 

9 Experimental Researches, series zi. 
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the quantity of heat produced in a conductor in a given time, if w6 know 
C and 11 in absolute measure. In the series of units founded on the centi- 
metre, gramme, and second, if we call the total heat G, taking as unit 
the quantity required to raise one gramme of water one degree Centigrade, 
w© have 

® = 4157xl0* ^^^^ 

If the metre is used instead of the centimetre the divisor is 4157 ; and in 
the British system, founded on feet, grains, and seconds, with a unit of heat 
equal to the quantity required to raise one grain one degree Fahrenheit, the 
divisor is 24-861, 

53. Electrochemical Equivalents, — Dr. Faraday has shown * that when an 
electric current passes through certain substances and decomposes them, the 
quantity of each substance decomposed is proportional to the quantity of 
electricity which passes. Hfcnce we may call that quantity of a substance 
which is decomposed by unit current in unit time the electrochemical equi- 
valent of that substauce. 

This equivalent is a certain number of grammes of the substance. Th6 
equivalents of diflPerent substances are in the proportion of their combining 
numbers ; and if all chemical compounds were electrolytes, we should be able 
to construct experimentally a table of equivalents in which the weight of 
each substance decomposed by a unit of electricity would be given. The 
electrochemical equivalent of water, in electro-magnetic measure, is about 0-02 
in the British, 0-00092t in the centimetrical system, and '0092 in the metrical 
system. The electrochemical equivalents of all other electrolytes can bo de- 
duced from this measurement with the aid of their combining numbers. 

54. Electromotive Force of Chemical Affinity, — ^When two substances 
having a tendency to combine are brought together and enter into com- 
bination, they enter into a new state, in which the intrinsic energy of the 
system is generally less than it was before, that is, the substances are less 
$ible to effect chemical changes, or to produce heat or mechanical action, than 
before. 

The energy thus lost appears during the combination as heat or electrical 
or mechanical action, and can be measured in many cases J. 

The energy given out during the combination of two substances may, like 
all other forms of energ}-, be considered as the product of two factors § — the 
tendency to combine, and the amount of combination effected. Now the 
amount of combination may be measured by the number of electrochemical 
equivalents which enter into combination ; so that the tendency to combine 
may also be ascertained by dividing the energy given out by the number of 
electrochemical equivalents which enter into combination. 

If the whole energy appears in the form of electric currents, the energy of 
the current is measured by the product of the electromotive force and the 
quantity of electricity which passes. Now the quantity of electricity which 
passes is equal to the number of electrochemical equivalents which enter on 
either side into combination. Hence the total energy given out, divided by 
this number, will give the electromotive force of combination. Thus, if N 

* Experimental Eesearches, series vii. 

t -0009375 by Weber and Kohlrausch. 

X Export British Association, 1860, p. 63, and. Phil. Mag. vol.xxxii. ser.3. See papers 
hy Prof. Andrews, and Favre and Silbermann, " On the Heat given out in Chemical Action/* 
Comptes Eendus, vols. xxxTi. & xxxvii. 

§ See Eankine '< On thQ General Law of Transformation of Energy," Phil. Mag. 1853. 
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electrochemical equivalents enter into combination under a chemical affinity 
I, and in doing so give out energy equal to W, either as heat or as electrical 
action^ then 

NI=W. 

But if W be given out as electrical action, and causes a quantity of electricity 
Q to traverse a conductor under an electromotive force E, we shall have 

W = EQ. 

By the definition of electrochemical equivalents, Q=N, 
therefore I = E • 

or the force of chemical affinity may in these cases be measured as electro- 
motive force. 

This method of ascertaining the electromotive force due to chemical com- 
bination, which gives us a clear insight into the meaning and the measure- 
ment of " chemical affinity," is due to Professor W. Thomson*. 

The field of investigation presented to us by these considerations is very 
wide. We have to measure the intrinsic energy of substances as dependent 
on volume, temperature, and state of combination. When this is done, the 
energy due to any combination will be found by subtracting the energy of 
the compound from that of the components before combination. 

As the tendency to increase in volume is measured as pressure, and as the 
tendency to part with heat is measured by the temperature, so in chemical 
dynamics the tendency to combine will be properly measured by the electro- 
motive force of combination. 

55. Tables of Dimensions and other Constantsf : — 

Fundamental Units* 
Length =L. Time=T. Mass=iM. 

Derived Mechanical Units* 
Work = W=^. rorco=F=^. Velocit5r=V=j. 

^Derived Magnetical Units. 
Strength of the pole of a magnet . . . . »i=L^ T"" M* 

Moment of a magnet »nZ=L» T" M* 

Intensity of magnetic field , . . H=L~* T~^ M* 



» «* On the Mechanical Theory of Electrolysis," Phil. Mag. Dec. 1851. 

t The first Table of Dimensions was given by Fourier, * Th^orie de la Chaleur,' p. 167. 
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Table of Ditnemionst 



Name of Quantity. 



Electrostatic Pair. 

Quantity of electricity 

Electromotive force 

Their product : electrostatic 
energy 

Ratio of the first to the second: 
capacity of an accumulator . 

Electro-magnetic Pair. 

Electro-magnetic momentum of 
a circuit, also strength of 
magnetic pole 

Strength of electric current, 
also magnetic potential .... 

Their product, electrokinetic 
energy 

Eatio of the first to the second : 
coefficient of ele'ctrom agnetic 
induction of two circuits . . 



XSlectroBtatic system. 



Sym- 
bol. 



6 



Dimensions 
of unit. 



S 



m 



;l*m*t~^; 



[L«M*T-2] 

[l-^ t^] 



Electro-magnetio 
system. 



Sym- 
bol. 



Q 
E 



S 



c 



Dimensions 
of unit. 



[l*mJ] 



L-1t2 



Kumberof , 
electrostatic i 
units int>ne j 
electro-mag- 
netic unit 



V 



V 

-1 



[L^M*T-1] 
[L*M*T"^] 
[L^M T"^ 



m 



identical 



V 



-1 



V 



identical 



V 



-2 



Pair for Conduction and Resistance, 



Electromotive force 

Strength of electric current . . 

Their product : rate at which 
energy is transformed into 
heat 



Ratio of the first to the second : 
resistance of a conductor . . 



e 
c 



r t : " 





E 

C 

• 


v . . . . _j 


» • 


• [^.--^^t] 


E 



{L.T-1] 



V 



-1 



V 



identical 



V 






c 

. All men of science are agreed to use the second of mean solar time as I3ie 
unit of time. In all the primary quantities the dimensions of M are the 
same, namely |. The principal differences, therefore, are in the dimensions 
ofL. 

We therefore arrange the different quantities in groups, first, with respect 
to the dimensions of L, aii4 t-b^ii with respect to M and T, thus : — 
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Eldotrostatlo system. 



•Quantity of electricity . . . 
Strength of current 

Strength of magnetic pole. 
Electromotiye force . . . 
Magnptic intensity 



Electric force and electric 
induction 



Density of electric current 



Magnetic induction 



Eleotro-magnetio system. 



Moment of a magnet .... 

Strength of magnetic pole. 
Electromotive force 

Quantity of electricity . . 

Strength of current 

Electric force at a point . , 

Magnetic force and mag* 
netic induction 



Electric induction 

Density of electric current 



Dimensions. 



L^ M* T-1 

L^ M* T"^ 

L*M* 

L* M* T-^ 

L* M* T"2 



L-^* M* T"^ 
L-^M^T"^ 

L--*M* 






Ghroup. 



} 



I. 



II. 



III. 



} 
} 



IV, 



Y. 



ITie Electrostatic and Mectro^magnetic System of Unit&. 

The electrostatic system. begins with the definition of the unit of electridty, 
as determined by the mechanical force between two electrified bodies. 

The electro-magnetic 8yst.em begins with the definition of the strength of 
a unit magnetic pole, as determined by the mechanical force between two 
poles. 

The forjn ol the definition is precisely the same in both cases. Hence the 
electrostatic unit of electricity is of the same dimensions as the electro-mag- 
netic unit magnetic pole, and the series of derived units of the ono system 
form a series having respectively the same dimensions as another series be- 
longing to the other system. 

The most instructive method of exhibiting the relations of these quantities 
is to arrange them in pairs, the product of each pair being either a quantity 
of mechanical energy, or the work done in unit of time, or energy existing 
in unit of volume, or work done in unit of volume in unit of time. The ratio 
of the two quantities is in several cases a quantity of importance in electrical 
science. 

Let V be the ratio of the electrostatic to the electro-magnetic unit of quan- 
tity (35 and 46); then v =310,740,000 metres per second approximately, 
and we Hav& 



2=syQ 



:V0- 



I .=1e 



V 



«=v^S 
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TahU for the Conversion of British (foot-grain-second) System to Centi-' 
metrical (eentimetre-^amme'-seeond) System, 





Number of 

oentimetrical units 

contained in a 

British unit. 


Number of 

British units 

contained in a 

centimetrical unit. 


loforM 


0-0647989 

30-47945 
1-97504 

60-198 
•0461085 

1-40536 
42-8346 


15-43235 

•03280899 
•506320 

•01661185 
21-6880 

•711561 
-0233456 

27-7782 


2« for L, T B, - and V 


± r 
3® for r (also for foot-grains and 

centimetre-grammes). 
4° for W 


5° for H and electrochemical equi- 
valents. 
6" for Q. C, and e 


7® for E, w, a. and e , . 


8" for heat 


0-0359994 





1 volt 
1 Qhm 



99 



V 



>J 



>» 



= 10® absolute units of electromotive force. 

=10® centimetres per second. 

, =3-2809 X 10^ feet per second. 

=1 quadrant of the meridian through Paris per second* 

=31*074 ohms by Weber and Kohlrausch. 

=28-2 ohms by Thomson. 

=28-8 ohms by Maxwell. 

Velocityof light =29-8 ohms by Foucault. 

The intensity of gravity at many different stations has been determined 
by experiment. Where it has not been so determined, it may be calculated 
by the formula 

^=G (1-0-0025659 cos 2\) /l-^2- | ~)^T, 

where g denotes the intensity of gravity at the station. 

G the intensity of gravity at latitude 45° at the level of the sea. 

G= 980-533 centimetres, or 32-1703 feet. 

X is the latitude of the station. 

The last factor is a correction for the height of the station. 

z is the height of the station in centimetres or feet. 

r is the mean radius of the earth. 

r= 636,619,800 centimetres, or 20,886,852 feet ; p is the mean density of 
the earth, about 5*5 times that of water; p is the mean. density of the hill 
on which the station is placed. If we suppose this about half the density of 
the earth as a ^hole, the factor for correction due to height becomes 
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British System. — Bdatum between Absolute and other Units. 
One ab«olate unit of | J^^-0-0310666 J^^^^ ^'^ } in London. 
^ I--don ( :^Ll5iur"=32-1889 abaoluteuniUof { ^^^ 
One abaolute unit of { J^- =i ( ^J ^gS ^ „^t lengU. } -'^''-' 

I 

g in Britisli system » 32*088 (1+0-005133 sin' X), where Xr=:the latitade 
of the place at which the observation is made. 

Heat — The unit of heat is the quantity required to raise the temperature 
of one grain of water at its maximum density 1^ Fahrenheit. 

Absolute mechanical equivalent of unit of heats 24861s 772 foot-grains 
at Manchester, 

Thermal equivalent of an absolute unit of work a 0*000040224. 

Thermal equivalent of a foot-grain at Manchester =0*0012953. 

Electrochemical equivalent of water =002, nearly. 

Centimetrieal System, — Relation between Absolute and other Units, 

One absolute unit of | *"*? = 0-0010195 T'^^* f " «"'"'"^ 1 at Parii.. 

[ work centimeti*e -gramme j 

At Paris f ***® weight of a gramme^ggQ.ggg ^^^^^ ^^^ ^ f force. 
\ or centimetre-gi*amme [ work. 

One absolute unit of { J^^^- - ^ Jeifht X unit length } ^^^^^^^^^^ 

g in metrical systems 978024 (1 +0*005133 sin* X), where X-=the lati- 
tade of the place where the experiment is made. 

Heat, — The unit of heat is the quantity required to raise one gramme of 
water at its maximum density 1^ Centigrade. 

Absolute mechanical equivalent of the unit of heats:4157*25xl0^= 
42354*2 centimetre-grammes at Manchester, 

Thermal equivalent of an absolute unit of work=0*00024054x 10^ . 
Thermal equivalent of a centimetre-gramme at Manche8tcr= 0*0000236154. 
Electrochemical equivalent of water =0*00092, nearly. 

1 horse-power= 33,000 foot-pounds per minute. 

= 14*732 foot-tons per minute. 

=456,233,300 centimetre-gramme weight per minute. 
=7,603,388*8 centimetre-gramme weight per second. 
=7,462,455,683 absolute units of work per second. 
=746 X 10' absolute units of work per second approximately. 

Electromotive force of one Daniell's cell, as estimated by Thomson in 1851, 

=s 107 X 10* absolute units. 

«l-07volt. 

10* 
And 1 volt through 1 ohm decomposes '00092 x jrp =» '000092 gramme of 

- 65 

water per second, and hence decomposes '000092 x Y^=a '000332 gramme of 

zino per second =-jJ-^ gramme per second, very nearly » 28*8 grammes per 
day approximately. 
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; . - . ^ ,. ..^. _.._.. .. 

Activity = rate of doing work=-^ for a galvanic element. 

= 10'' for 1 volt through 1 o6tn. 
Or 1 volt-ohm uses ^-^^ gramme of zinc, and does 10'^ ahsolute units of work 
per second. 

1 horse-power =746 volt-ohmsj and is equivalent to the consumption of 
■3^(^ grammes of zinc per second in a Darnell's battery, or 895*2 girammes 
per hour, or 21 J kilogrammes per day, very nearly, 

■ • ■ • .. 

Table for the OonvBrsion of British (foot-grain^seeond) S^itm' to Metrical 

(mefre-gramme^second) JSyatem. 



• 


Number of 

metrical units 

contained in a 

British unit. 


"Log. 


Log. 


Number of 
Britiahi nnits 
contained in a 
metrical unit. 


lo or M 


0-0647989 
0-3047945 
0-0197504 

00060198 
0-461085 

0-140536 

0-0428346 

00359994 


2-8115678 
T-4840071 
2-2955749 

3-7795820 
1-6687804 

T-1477874 
2-6317949 
2-5562953 


1-1884321 
0-5169929 * 
1-7044^ 

2-2204179 
0-3362196 

0-8522125 
1-3682051 
1-4437046 


15-43235 
3-280899 
50-6320 

166-1185 
. 2-16880 

7-115^ 
23-3450 

27-7782 


2°foisL,?,E, ianciV..,. 

1 T 

3^ for F (also for foot-grains 
and metre-grammes). 

4® for W 


5® for Hand electrochemi- 
cal equiyalents. ' 

6«>YorQ, 0, and«.. 

7° for E, m, q^ andc 

8° for heat 


• 



force, 
work» 



Metrical System, — Belaiion between Absolute and other Units* 

Oiie absolute nnit of 1 1^% - 0-101 96 ^7^* °^ " ^'''"^^ I at Paris. 

(work metre-gramme J 

At Paris I Jiirif 11* f ^""^ « 9'80868 absolute units Dff 
I or metre-gramme I 

One ahsolute unit of | ^^'^? « 1 ^*^f J ^^^^J " ., , A everywhere. 

[ work g unit weight x tmit length J -^ 

g in metrical system = 9-78024 (1 + 0-005133 sin* X), where X = the 
latitude of the place where the experiment is made. 

. Heat,-— The unit of heat is the quantity required to raise one gramme of 
water at its maximum density 1^ Centigrade. 

, Absolute mechanical equivalent of the unit of heat ssk 4157*^ ss 423*542 
metre-grammes at Manchester. 

Thermal equivalent of an absolute unit of work m 0-00024054. 
^ Thermal equivalent of a metre-gramme at Manchester s* 0-00236154. 

Electrochemical equivalent of water = G-0092 nearly. 

56. Magnitude of Units and Nomenclature, — In connexion "^th the system 
of measurement explained in this treatise, two points hitherto unmentioned 
deserve attention — ^first, the absolute magnitude of the units, and, secondly,, 
the nomenclature. 
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The absolute magDitude is in most cases an inconvenient one, leading to 
the use either of exceedingly small or exceedingly large numbers. Thus the 
units of electro*magnetic resistance and electromotive force and quantity, and 
of electrostatic currents, are inconveniently small ; the unit of electrostatic 
resistance, is inconveniently large. Decimal multiples and submultiples of 
these units will therefore probably have to be adopted in practice. The 
choice of these multiples and submultiples forms part of the business of the 
Committee. 

The nomenclature hitherto adopted is extremely defective. In referring 
to each measurement^ we have to say that the number expresses the value iti' 
electrostatic or electro-magnetic absolute units: if a multiple is to be used, this* 
multiple will also have to be named ; and farther, the standard units of length, 
mass, and time have to be referred to, inasmuch as some writers use the pound 
and some the grain, some the metre and some the millimetre, as fundamental 
units. This cumbrous diction, and the risk of error imported by it, would 
be avoided if each unit received a short distinctive name in the manner pro- 
posed by Sir Charles Bright and Mr. Latimer Clark, in a paper read before 
the British Association at Manchester, 1861. 
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Appendix D. — Description of an Experimental Measurement of Electrical 
Resistance, made at King^s College, By Professor J. Clerk Maxwell and 
Messrs. Balfour Stewart and Flbemino Jenkin. (Parts I., III., and 
IV., by Professor Maxwell. Part II., by Mr. Fleeming Jenkin.) 

Part I. — General Description of the Method Employed. 

In the general Beport of the Committee, and in Appendix C, it has already 
been shown that the most important aid to the exact science of electricity 
would be the determination of the resistance of a wire in absolute measure, 
and the publication of standards of resistance derived from this wire. This, 
has already been done by Weber* ; but it is desirable that the determination 
of a quantity so important should not be left in the hands of a single person. 

"Weber has employed two methods. 

1st. By suddenly turning a coil of wire about an axis so as to alter its 
position relatively to the terrestrial magnetic lines of force, he produced an 
electromotive force acting for a short time in the coil. This coil was con- 
nected with another fixed coil having a magnet suspended in its centre. The 
current generated by the electromotive force passed through both coils and 

• Pogg. Ann. Bd. Ixxxii. p. 337 (March 1851) ; Electrische Maasbestimmungen, Leipzig, 
Wiedemann; Memoirs of the Royal Society cf Sciences of Saxony, vol. i. p. 197 j and 
Phil, Mag. 1861, 
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^vc the magnet a sudden impulse^ the amount of which was measured by 
IB extreme deflection. 

Thus an electromotive force of short duration produced a current of short 
oration. The total amount of electromotive force depended on the size of 
^e movable coil and on the intensity of terrestrial magnetism. The total 
|[ioiint of the current is measured by the impulse given to the magnet, and 
\e mechanical value of the impulse is measured by the angle through which 
^ swings. The resistance of the whole circuit, consisting of both coils, is 
then ascertained by dividing the electromotive force by the current. 

2Dd. Weber's second method consisted in o-ausing a powerful magnet to 
oscillate within a coil of wire. By the motion of the magnet currents are 
produced in the coil, and these, reacting on the magnet, retard its motion. 
The rate of diminution of the amplitude of the oscillations, when compared 
with the rate of diminution when the circuit is broken, affords the means of 
determining the resistance of the circuit. 

Professor W. Thomson has designed an apparatus by which the resistance of 
a coil can be determined in electro-magnetic measure by the observation of 
the constant deflection of a magnet, and his arrangement has been adopted 
for the experiments made by the Committee. 

The coil of wire is made to revolve about a vertical diameter with constant 
velocity. The motion of the coil among the lines of force due to the earth's 
magnetism produces induced currents in the coil which are alternately in 
opposite directions with respect to the coil itself, the direction changing as 
the plane of the coil passes through the east and west direction. If we con- 
sider the direction of the current with respect to a fixed line in the east and 
west direction, we shall find that the changes in the current are accompanied 
with changes in the face of the coil presented to the east, so that the absolute 
direction of the current, as seen from the east, remains always the same. If 
■a magnet be suspended in the centre of the coil, it will be deflected from the 
north and south line by the action of these currents, and will be turned in 
the same direction as the coil revolves. The force producing this deflection 
is continually varying in magnitude and direction ; but as the periodic time 
is small, the oscillations of the magnet may be rendered insensible by in- 
creasing the mass of the apparatus along with which it is suspended. The 
resistance of the coil may be found when we know the dimensions of the 
coil, the velocity of rotation, and the deflection of the magnet. The intensity 
of terrestrial magnetism enters into the measurement of the electromotive 
force, and also into the measurement of the current ; but the measure of the 
resistance, which is the ratio of these two quantities, is quite independent of 
the value of the magnetic intensity. 

Part II. — ^Descbiption op the Apparatus. 

Por convenience of description, the apparatus with which the experiments 
were made may be divided into five parts :— 1*», the driving gear ; 2<», the 
revolving coil ; 3**, the governor ; 4®, the scale, with its telescope, by which 
the deflections of the magnet were observed ; 5°, the electric balance, by 
which the resistance of the copper coil was compared with a German-silver 
arbitrary • standard. ' 

The general arrangement of the first four parts is shown in the diagram, 
fig. 4, Plate II. 

The driving gear consisted of a leaden flywheel X, on a shaft A, turned 
hy hand, and communicating its motion by a band, hh^h^., . ,, arranged in 
a way equivalent to Huyghens's gearing, to a shaft B, a pulley on which drove 
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the revolving coil by a simple band aa^^a^ The arrangement of the band 

h 61 63 ... . communicating the motion of shaft A to shaft B may be easily 
understood from the diagram. C C are two gnide-pnlleys running loose on 
pins attached to the main framing. D D are two loose pulleys maintained at 
a constant distance by the strut E, to which the weight W is hung. 

"When the rotation of shaft B is opposed by a suflicient resistance, the 
effect of turning the flywheel in the direction shown by the arrow is to lift 
the weight W from the ground, tending to turn the shaft B with a definite 
force, which will be sensibly constant so long as the weight is kept off the 
ground and the band hh^h^. , . , remains unaltered in length. Wherever, as 
in the present experiments, the resistance increases with the speed of rota- 
tion, the speed of the driving-wheel can easily be regulated by hand, so as to 
keep the weight from falling so low as to touch the ground, or rising so high 
as to foul the gear ; and thus, with a little care, a constant driving force can 
be applied to the shaft B and to the machinery connected with it. 

The revolving coil formed the most important part of the apparatus* It is 
shown one-fifth full size in figs. 1 and 2, PL II. 

A strong brass frame, H H, was bolted down by three brass bolts, F F F, 
dowelled into a heavy stone. It could be accurately levelled by three stout 
screws, G G G. The brass rings, I Ij, on which the insulated copper -wire 
was coiled, were supported on the frame by a pivot, J, working in lignum 
vitsB, and by a hollow bearing, K, working in brass : this bearing worked in 
a kind of stuffing-box, 7c (fig. 3), which, by three screws and a flat spring 
washer between it and the frame at j, could be adjusted to fit the eoUar e 
with great nicety, preventing all tendency to bind or shake. Supported in 
this way the coil revolved with the utmost freedom and steadiness. 

The coil of copper wire was necessarily divided into two parts on the two 
rings 1 1,, to permit the suspension of the magnet S. The two brass rings 
were each formed of two distinct halves, insulated from one another by vul- 
canite at the flanges ff^. This insulation was necessary to prevent the in- 
duction of currents in the brass rings. These rings, after being bolted 
together, were turned with great accuracy by Messrs. Elliott Brothers. The 
insulated copper wire was wound in one direction on both rings ; the inner 
end of the second was soldered to the outer end of the first ; the two extreme 
ends of the conductor thus formed were soldered to two copper terminals, h A', 
insulated by the vulcanite piece, cu, bolted to the brass rings. Each terminal 
was provided with a strong copper binding-screw, and had a mercury-cup 
drilled into its upper surface. The two coils could be joined, so as to form a 
closed circuit, by a short copper bar between the binding- screws. The bars, 
binding-screws, and nuts were amalgamated to ensure perfect contact. When 
the copper coils were to be connected with the electric balance, the short 
copper bar was removed and the required connexions were made by short 
copper rods, one quarter of an inch in diameter, dipping at one end into the 
mercury-cup on the terminals h h\ and at the other end into the mercury- 
cups of the electric balance. The absence of all induced currents influencing 
the suspended magnet when the circuit was broken at h h' was repeatedly- 
proved by experiment. 

Eotation was communicated to the coils by a catgut band simply making 
half a turn round the small Y-puUey I, The band could be tightened as 
required by the jockey puUey z and weight w (fig. 4). 

A short screw of large diameter, n, gearing into a spur-wheel of one hun- 
dred teeth, 0, formed the counter from which the speed of rotation was 
obtained, as follows: — A pin, jp, on the wheel lifted the spring y as it 
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passed ; this spring in its rebound struck the gong M. The blow was of 
course repeated at every hundred revolutions, and the time of each blow was 
observed on a chronometer. The arrangement w«ts equally adapted for rota- 
tion in either direction. 

A second V-pulley, r, served for the band c c, communicating motion to the 
governor by which the speed was controlled. 

The manner in which the suspended magnet was introduced to the centre 
of the coil is best seen in fig. 3. A brass tripod, N", bolted to the main 
frame, supported the long brass tube 0, which passed freely through the 
hollow bearing at K. A cylindrical wooden box, P, slipped on to the end of 
the tube 0. The magnet hung inside this box, the lower part of which 
could be removed to aUow the exact position of the magnet to be verified. 
The support N also carried a short brass tube B, on which the glass case 
T could be secured by a little sliding tube. The mirror <, attached to the 
magnet S by a rigid brass wire, hung inside this glass case by a single 
cocoon-fibre about eight feet long. This fibre was protected against currents 
of air by a wooden case (not shown in the Plate), extending from the point 
of support down to the glass case. A little sliding paper prolongation of the 
wooden case made it nearly wind-proof by fitting at the bottom against the 
main brass frame. An opening in the case allowed the mirror to be seen. 
The fibre at the top was suspended from a torsion-head, by which it could 
be turned ; it could also be raised and lowered by a small barrel, and was 
adjustable in a horizontal plane by three set screws. The care taken in sus- 
pending the magnet and in protecting it both against currents of air and 
vibration was repaid by success, for the image of the scale reflected in the 
magnet was as clear and steady when the coil was making 400 revolutions 
per minute as when it was at rest. 

The governor used was lent by one of the Committee and will not be 
described in detail, as an improved governor on the same principle will be 
adopted in future experiments, in describing which an account of its construc- 
tion will be given. It may be said, however, that the little instrument actually 
employed generally controlled the speed to such uniformity as allowed the 
deflections to be observed with as much accuracy as the zero-point. 

The scale and telescope hardly require special description; they were 
arranged in the usual manner for this kind of experiment, at about three 
metres from the mirror. The scale was an engine-divided paper scale nailed 
to a wooden bar. This plan will in future experiments be abandoned, as 
variations in the weather had a very perceptible influence on the scale. 

The annexed (p. 100) diagram shows the electric balance by which the copper 
coil C was compared with an arbitrary German-silver standard S before and 
after each induction experiment. The arrangement is that of the ordinary 
Wheatstone's balance, as described in Appendix H of the Eeport of your 
Committee for 1862. A' and C represent the arms of the balance as tiiere 
described, S the German-silver standard, and R the copper coil to be mea- 
sured- J Jj, H Hj, M Mj, and L L^ are four stout copper bars with mercury- 
cups Q,t aa^a^. .yhh^\. .yC c^, and d d^. Two short copper rods, F and Fj, can 
be used to connect a with b and c with d. When this is done the arrange- 
ment is exactly that of the simple Wheatstone balance with the keys at K 
and Kj, and described in Appendix H of the last Report. A and C were coils 
formed of about 300 inches of !N"o. 31* German-silver wire, and were adjusted 
to equality with extreme nicety, and each assumed equal to 100 arbitrary 
units. If R on any occasion had been exactly equal to S, the galvanometer G' 

• Diameter saOOl inch. 

h2 
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would have been unaffected on depressing the keys K Kj, when a was joined 
to h and c to c? by F and F^, rods of no sensible resistance. This exact equality 
betwean 11 and S could never be obtained, owing to slight changes in tempera- 
ture, which affected the two coils very differently. The object of the modifica- 




tions introduced was to allow the ratio between S and E, differing by a small 
amount only, to be measured with great accuracy. 

For this purpose a number of German-silver coils were adjusted, represent- 
ing 1, 2, 4, 8 ... . 512 in the arbitrary units, equal to the hundredth part of A 
or C. These coils were so arranged that any one or more of them could be 
introduced between the bars H5^ and J J,. A single coil, equal to 1 in the 
same arbitrary unit, could be introduced between the bars L L^ and M M^. 
In the diagram this coil is shown in its position and the rod Fj withdrawn. 
Similarly F is withdrawn from between H and G', and the coil 1 joins a^ and 
\ in the bars H H^ and J J,. If no other coils were placed between H H^ and 
J Jj, the arms of the balance would now be 101 and 101 respectively, instead 
of 100 and 100 ; but the ratio would still be that of equality. Let us now 
suppose that, when the circuit with the battery is completed, tiie galvanometer 
by its deflection shows that E is bigger than S, we can reduce the resistance 
of the arm between D and Y by various small graduated and definite amounts 
by introducing the coils 2, 4, 8, &c. between H H, and J J^. Let us first 
suppose the coil 2 introduced. The resistance between H and J will be the 
reciprocal of 1*5 or 0-6667; for where various resistances are added in 
jnultiple arc, the resistance of the compound arc is the reciprocal of the 
sum of their conducting powers, and the conducting power of a wire is the 
reciprocal of its resistance. The ratio between the two arms will now be 
101 : 100-6667. Let us suppose that on completing the circuit the galvano- 
meter still deflects in the same direction as before, the arm between B and Y 
must be still further reduced by including fresh coils between H Hj and J J^, 
It is very easy by trial to find the combination which maintains the galvano- 
meter at zero when the circuit is completed. Let us suppose that, as in the 
diagram, the coUs included were 1, 2, 4, 8, and 64. The reciprocals of 
these numbers are 1, 0-5, 0-25, 0-125, and 0-015625. The conducting power 
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"between H and J is therefore 1*890625, the sum of these numbers. The 
resistance between H and J is 0-52893, the reciprocal of the last number, and 
the ratio between the arms will be 101 : 100-52893. A little consideration 
will show that with the coils named any ratio between 101 to 100*5 and 101 
to 101 can be obtained by steps not exceeding 0*00195, the reciprocal of 512, 
the largest coil or smallest conducting power which can be included between 
the copper bars H H^ and J J^. By substituting the rod F for the coil 1 be- 
tween L Lj and M M^, the observer can obtain a fresh series of ratios with tha 
same steps between 101 to 100 and 100*5 to 100. In this way it will be seen 
that unless the coils R and 8 differ by more than one per cent., their ratio 
can be measured in the manner described within 0*002 per cent. 

It should further be observed that extreme accuracy in the coils 1, 2, 4, 
&c. is not necessary, since an error of one per cent, in the sum of these, as 
compared with their true relative value to the coil C, would only affect the 
final result 0*01 per cent. 

The position of R and S in the balance relatively to A and C, &c. is of course 
interchangeable. 

The diagram is not intended at all to represent the practical arrangement, 
but simply to show the connexions. The efectric balance described in Ap- 
pendix H of last year's Report (Plate I. figs. 1 to 6, Report 1862) was used 
with a stout copper rod between the cups e e^, and two additional boards with 
the copper bars H Hj, J J^, L Lj, and M M^ fitted as in the above diagram. The 
coils 1, 2, 4, &c. had amalgamated copper terminals, which simply dropped 
into mercury-cups on the copper bars. The observations could be made very 
rapidly and accurately, as the galvanometer was sensitive enough with four^ 
Daniell's cells to indicate the addition or subtraction of the 512 coil with per- 
fect distinctness, The reduction of the observations to find the ratio seems 
somewhat complicated at first, but with the aid of a table of reciprocals it 
takes but little time. No improvement seems necessary in this part of the 
apparatus. T}ie idea of using large coils combined with small ones in mul- 
tiple arc to obtain extremely minute differences of resistance was suggested to 
the writer by Professor W. Thomson, and will be found useful in very many 
ways. 

Part III. — Mathematical Theoet of the Expeeiment. 

A circular coil of copper wire is made to revolve with uniform velocity 
about a vertical diameter. A small magnet is suspended by a silken fibre in 
the middle of the coU, Its position is observed when the coil is at rest, and 
when the coil revolves with velocity w the magnet is deflected through an 
aDgle <p. Currents are induced in the coil by the action of the earth's mag- 
netism, and these act on the magnet and deflect it from the magnetic meri- 
dian. By observing the deflection and the velocity of rotation, we can deter- 
mine the resistance of the coil in electro-magnetic units. 

In determining the strength of the current we may neglect the motion of 
the suspended magnet, as it is found, both by theory and by experiment, to 
be insensible. We have therefore, in the first place, to determine the electro- 
magnetic potential of the coil with respect to the earth's magnetism, with 
respect to the suspended magnet, and with respect to itself. 

1st. Let H be the horizontal component of the earth's magnetism, 
y the strength of the current in the coil. 
G the total area enclosed by all the windings of the wire. 
d the angle between the plane of the coil and the magnetic meri- 
dian. 
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Then the potential of the ooil with respect to the earth is 

— HyG sin d, 

2nd. Let M be the magnetic moment of the suspended magnet. 

^ the angle between the axis of the magnet and the magnetic 

meridian. 
E the magnetic force at the centre of the coil due to unit current 
in the wire. 
Then the potential of the coil with respect to the magnet is 

— M'yKsin(6— 0). 

3rd. Let JL be the potential of the coil on itself for unit current. 
Then the potential due to a current y is 

Let P be the electromotive force, and It the resistance, then the work 
spent in keeping up the cunrent is Py in unit of time ; or, since PssRy, the 
work spent in keeping up the current for a time U is 

• Ry'5<. 

If the curreiit is at the same time increased from y to y+^y> the work 
spent in increasing the current will be 

Ly ^y. 

If the angular motion of the coil be ^d, the work spent in keeping up the 
rotation against the electro-magnetic force is 

Hy G cos Odd + MyK cos (0 — ^)cW. 

Since this work is exactly consumed in keeping up or increasing the current, 
we must have 

HyG cos Odd+MyK cos (6— ^)c^6=Ry V«+Lyc?y. 

dQ 
Since dsswt and -ji^io, the solution of this equation is 

y =^j-^^j^{GH(R cos 0+Lw sin 0)+KM(R cos (a— 0)+Lw sin ((^— ^))} 

the last term becoming insensible soon after the beginning of the experiment. 

We can now find the equation of motion of the magnet. 

Let A be its moment of inertia, MHr the torsion of the fibre per unit of 
angular rotation, then 

A^=ME:ycos(0-0)-MH(sin0+r^). 
Substituting the value of y and separating terms in 6, we find 
'^S'^I IImSv { ^^^^ '''' ^^^^ '^ 9)+KMR } -MH(6in 0-T^) 



+; 



1 MK 



^ I GH(R cos (20-0)+L(u sin (26-^)) 



fKM(R cos 2{d—(f)+Lw sin 2(0-^)) j 
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In order that ^ may continuo as it does nearly constant, the part indepen- 
dent of must vanish, or 

l_^^^/GH(Kcos0+La;sin^)+KMR} -MH(8in0+T0)=O. 
This gives the following quadratic equation for R ; — 

R^— -K-^ : 1 009<b+-—=\=z- Lw'. . , 



!■» GKcu / KM\_1 GKLc 



BID ^ 

The solution of this equation may be expressed to a sufficient degree of accu- 
racy as follows : — 

2tan^(l+r)l ^GH '^ GeV^K J '^ f j 

To determine the quantities occnrring in this ;quation, we must measure 
the dimensions of the coil, the strength of the magnet, and the force of tor* 
sion of the fibre. 

Ist. Dimensions of the coil. 

Let a=mean radius of the coil = 0*1566 metre. 

n=number of windings of wire =307 

I == effective length of wire=27rna =302*063 metres, 

b = breadth of section of coil perpendicular to the 

plane of the coil = '0185 metre, 

c= depth of section in the plane of the coil = '0132 „ 

6'= distance of mean plane of coil from axis of 

motion = '01915 „ ^ 

a= angle subtended at axis by radius of coil =83^ 1\ 

cos «=-= -12245. 
a 

ThenG=.na^(l+^J,) 

K=?^sin-^ f-^ ^ 



a 1 1+^-^1(2-15 sin^ acos^ a) 

+ i_ ^' (15 sin'^ a cos^ a - 3 sin^ a) I * 

GK==7rn?sin««(l+^~-f|^-=^sin>acos^a-5^ 

I 6a^ 8 a-* 8a^ J ^ 

If the dimensions of the coil are measured in metres, GK will be c** 
pressed in metres. 
Let T be the time of 100 revolutions of the coil, expressed in seconds, mcii 

Tw=2007r, 
or 200t 

Let D be the distance of the scale from the mirror, 5 the scaie-reading mea» 
sured from the point of the scale which is nearest to the mirror, then 
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Ian 2^= A; 



-5 1 1 + 1 ^M 



2 tan 

To determine MHr, the coefficient of torsion, let the magnet be turned 
round so as to twist the fibre nearly SeO*^* Let the difference of reading due 
to the tojrsion be J', then 



47rD 



To determine 7^^=, let^he suspended magnet A be removed, and let another 

magnet, which we shall call B, be put in its place. Let the magnet A be now 
placed east or west of B, at a distance equal to the mean distance of the coil, 
or i^a'-fft'*. Let the deflection of B when the north or south end of A is 
directed to it be w, then 

KM , 
^=tan;x. 

. The determination of the quantity L, the electro-magnetic capacity of the 
coil, requires a more complex calculation, which must be explained separately. 
In the actual experiment the deviation ^ was always small, and therefore 
tan' was very small, so that the term depending on L was never important. 
. We may now write the value of R, 

T> 200jr*DnZsin^a.r-. , ,. » 

Ras -_- {1 + corrections}. 

In this expression the quantities Dnla are determined before the experi- 
ment is made. The only quantities to be observed are T, the number of 
seconds in 100 revolutions, and ?, the deviation in millimetres of the scale. 



Part IV. — Details op the Expebiments. 

In the experiments at King's College, June 1863, 
21, the number of windings, was 307. 
Z, the effective length of wire, 302*063 metres. 
Bin^a=l- -021756. 
D, the distance from the mirror to the scale, 29853 metres. 

Determination of Velocity/, 

A wheel of 100 teeth turned by an endless screw caused a bell to be struck 
every 100 revolutions of the coil. The times of the bells, as observed with 
a chronometer, serve to determine T. 

Detei^iiation of Deviation, 

I is the difference between the reading of the scale when the magnet is 
acted on by the earth only, and when it is acted on also by the induced cur- 
rents in the coil. To determine l, the reading of the scale is made when the 
coil is at rest, or when the circuit is broken. Another reading is taken with 
the connexion complete and the coil in motion. If the earth's magnetism 
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remains the same, the difference of these readings is the true value of h ; but 
since the direction of the earth's magnetic action is continually varying, we 
must find the difference of decimation between the times of the two readiogs, 
and calculate what would have been the undisturbed reading of the scale at 
the time when the deviation was observed. 

In our experiments this correction was made by comparison with the pho- 
tographic registers of magnetic declination made at Kew at the same time 
that our experiments were going on. 

Corrections, 

The corrections being small may be taken separately. Each has to be 
multiplied by the factor already considered, 

A. Correction for the dimensions of the sectioa of the coil. 

A=~ -i + jT — — sm'acos' a----sin=*a 

= + •000075. 

B. Correction for level. Let the axis of rotation be inclined to the vertical 
at an angle fi measured towards the north, and let the angle of the dipping- 
needle with the horizontal be I, then there will be a correction, 

B= — tan I sin/?. 

In the actual experiment the level was taken with a spirit-level reading to 
12", and found correct to at least that degree of accuracy. 

C. Correction for the induction of the suspended magnet on the coil. The 
strength of the magnet, as compared with that of the magnetic field, was mea- 
sured by means of a magnetometer from Kew by the ordinary method. The 
correction found was 

C= + tan fi 
=•00780. 

The small magnet generates induction-currents in the coil which react on 
the magnet, and tend to turn it in the direction in which the coil revolves. 
If there were no horizontal magnetic force due to the earth, the coil would 
drag the magnet round after it. In the actual case it makes the deviation 
greater than it should be by '0078. 

D. Correction for torsion of the fibre. 

D=-T=—iL 

= -•00132. 

This correction depends on the relation between the stiffness of the fibre 
and the directive force of the suspended magnet. The fibre was a single 
fibre of silk 7 feet long ; the magnet was a steel sphere j^ inch diameter, 
and not magnetized to saturation. The correction for torsion was therefore 
much larger than if a stronger magnet had been used. 

E. Correction for position of suspended magnet. 

Let the centre of the magnet be at a distance f above or below the centre 
of the coil, rj north or south of the axis of motion, and { east or west of the 
axis, then there wiU be a correction, 
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E» +^(1-4 cot' a) sin* a {4|-j;-3|} . 

Here a =156*6 millimetres, and the place of the magnet was so adjusted that 
it could not vary one millimetre in any direction without the error being 
observed. Hence this correction is negligible. 

F. Correction for irregularity in the magnetic field due to iron or magnets 
near the instrument. 

Let t be the time of oscillation of a magnet at the centre of the coil, t^ and 
ti at distances z above and below that point, then 



,,^«(^Mi±i,} 



This correction may also be neglected. 

G. Correction of scale -reading. The quantity observed is tan 2^, the quan- 
tity to be found is tan ^. The correction to the value of E is 

H. Correction for electro-magnetic capacity of the coil. 

Let L be the value of the electro-magnetic capacity, the correction is 

_1^ 2L/2L_ \ 
4D^GKVgK / 

In the actual coil L was found by calculation =397750 metres, and 
by a rough experiment =398500 metres. 
Now GK=560245 metres. 

The correction -is therefore— ~2(0-596234)=H. 

This correction is of the same form with G, and may be taken along with it. 
The complete expression for R is therefore 

B=-J.53814$581730 + 1 3055-5. 
Id 1 

The nature of the electrical action in the experiment may be stated as 
follows : — 

Suppose the plane of the coil to coincide with magnetic north and south, 
and that the coil is revolving in the direction of the hands of a watch. Then 
the north side of the coil is moving from west to east, and therefore expe- 
riences an electromotive force tending to produce an upward current. The 
south side of the coil is moving from east to west, and therefore there is a 
tendency to produce a downward current in it. If the circuit is closed there 
wiU be a current upwards on the north side, and downward on the south side 
round the coil. 

Now this current will tend to turn the north end of the suspended magnet 
towards the east ; but the earth's magnetic force tends to turn it towards 
the north ; so that the actual position assumed by the magnet must depend on 
the relation between the strength of the current and the strength of the 
earth's magnetism. But the strength of the current depends only on the 
velocity of rotation, the resistaace of the coil, and the strength of the earth's 
magnetism. Hence the position of the magnet wiU not depend on the strength 
of the earth's magnetism, but only on the velocity and the resistance of the 
coil. 
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We must remember that the coil in its revolution comes into other posi-» 
tions than that which we have mentioned. As the north side moves towards 
the east, the current continually diminishes till it ceases when it is due east. 
The current then commences in the opposite direction with respect to the 
coil ; but since the coil itself is now in a reversed position, the effect of the 
current on the suspended magnet is stUl to turn the north end to the east. 
The action of the current on the magnet is therefore of an intermittent 
nature^ and the position of the magnet is not fixed, but continually oscillating. 
The extent of these oscillations, however, is exceedingly small. In fact if T 
be the time of vibration of the magnet from rest to rest imder the action of 
the eartli^ and if < be one quarter of the time of revolution of the coil, and if 
i be the deviation as read on the scale^ then the same amplitude of thesQ 
osdUations will be 

^^ 

In the actual experhnent p^=s about .^«-p and 2 less than 400 millimetres^ 

so that the whole extent of vibration would be less than jr-- of a millimetre 

on the scale. This vibration was never observed and did not interfere with 
the distinctness of vision. 

The only oscillations observed were the free oscillations of the magnet. 
They arose from accidental causes at the beginning of the experiment, and 
were subject to slight alterations in magnitude due to phanges of speed of 
rotation, the passage of iron steamers in the Thames, &c. The time of one 
vibration was about 9*6 seconds, and by reading the scale at the extremities 
of every vibration a series of readings was obtained, the intervals betwecA 
which were proximately equal. 

Now since the devie^tion is proportional to the velocity . 

at 
and if we take values of i at small intervals dt and sum them, we shall get 

/}.dt=C/vdt=(}af, 

where a? is the whole distance travelled in the time. 

Hence all we have to do is to observe the deviation at every oscillation, 
and to ascertain the whole number of revolutions during the time of observa- 
tion, and the exact beginning and ending of that time. This was done in the 
following way. 

The coil was made to revolve by means of the driving machine, and its 
velocity was regulated by the governor. While the required velocity was 
being attained, the oscillations of the magnet were reduced within convenient 
limits by means of a quieting bar at a distance. The quieting bar was then 
put in its proper place and the observation commenced. 

One observer, A, took the readings of the scale as seen in the telescope, 
writing down the deviation at the extremity of every oscillation and thus 
obtaining a reading every 9*6 seconds. 

Another observer, B, with a chronometer, wrote down the times of every 
third stroke of the bell. The times thus found were at intervals of 300 
revolutions. When the observer B noted the time, the observer A made a 
mark on his paper, so that after the experiment the readings of deviation 
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could be compared with the readings of the chronometer taken at the same 
time. 

The mean time of revolution between any two times of observation could 
thus be found and compared with the mean deviation between the same 
limits of time, and any portion of an experiment accidentally vitiated could 
be rejected by itself. 

The experiments of each day commenced with a comparison, by means of 
an electric balance*, between the resistance of the experimental coil and that 
of a German-silver coil (called " June 4 "). 

Then a series of readings of the scale was taken to determine the undis- 
turbed position of the magnet. The times of beginning and ending this series 
were noted, and .called Times of let Zero. 

Then the coil was made to revolve, and readings of deviation and of time 
were taken as already described, and called 1st Spin-f-. 

Then the direction of rotation was reversed and a second set of readings 
obtained, and called 2nd Spin—. 

. Then the undisturbed position was again observed with a note of tlie 
time. This was called 2nd Zero. 

Lastly, the resistance was compared again with the standard coiL This 
series of experiments was then repeated if there was time. 

From the values of 1st zero and 2nd zero, together with the information 
obtained from the photographic registers at Kew, the true value of the un- 
disturbed reading during the lat spin and 2nd spin was obtained. The dif- 
ference between this and the actual reading is the de^'iation 3 due to the 
electric currents. T was got by the chronometer readings. Now let r be 
the resistance of the standard coil at standard temperature, II the resistance 
of the experimental coil during the experiment, then by the comparison of 
resistances we find 

where x is the ratio observed by means of the electric balance. But we also 

N . . . ' 

know that R==-+ correction, where N is a known number given at p. 76. 

Hence r, the resistance of the standard coil, may be found in absolute measure: 
by the formula 

N 
r=-~r-|- a small correction; 

•tT© 

the value of xTl should therefore be nearly constant. 

Thus, on June 23rd, 1863, the experiments were made as follows : — 

At 12^ 15* the resistance of the copper experimental coil was compared 
with that of standard coil " June 4 " taken at 101, and found to be 101*26. 

Prom 12** 36" to 12*^ 45" the undisturbed position of the suspended mag- 
net was observed, and found to be 590*28 scale-divisions as the mean of all 
the readings. 

The position of the declinometer at Kew at the same time was 7*689 of its 
own scale-divisions. 

From 12^ 47" 51 '5 to 1^ 3" 13* the position of the magnet was again 
observed while the coil was revolving ; 104 readings of the scale were taken, 
of which the mean was 930*59. This, when corrected for scale-error, gives 
931*48 as the true reading. The position of the declinometer at Kew during 
the same time was 7*679. The resistance, measured after the experiment, 
was 101*28. 

* Vid^ Report, 1862, p. 1^9, and present Appendix, p.,99j 
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The nuttiber of revolutions was 6300 dufing the time of observation, so that 
the time of 100 revolutions was 14''464. 

By comparing the Kew apparatus with that at King's College, it appears 
that 1-0 of the Kew scale =19-137 of the King's College scale. The undis- 
turbed readings at King's College were found actually to vary very nearly in 
. this proportion to those at Kew. 

Hence it is easy to find the undisturbed reading during any given experi- 
ment by comparison with the Kew numbers. 

Thus, for the first experiment on June 23rd we get 

Corrected undisturbed reading 691'54 

Deflected reading 931-48 

Deflection8 ra+ 339-94 

Time of 100 revolutions«T = 14-464 

Product T8... =* 4916-90 

Besistance at time of experiment x s 101*28 

Tfa? « 4979-76~ 

Three other experiments were made on June 23rd. The result of the four 
experiments was as follows : — 

1st experiment. Positive rotation ... .T.8.a?=49 79-75 

2nd „ Negative T.l.x .... =5071*18 

3rd „ Positive T.a.a!= 5093-35 

4th „ Negative T.^.a; =5007-66 

Mean Positive result • 6036-55 

Mean Negative result =5039-42 

Mean result of June 23rd 5037-98 

Mean result of June 19th 5075*77 

Mean result of June 16th 5046-18 

Mean of three days 5053*32 

It will be observed that the mean results of each day are more concordant 
than the individual experiments made on the same day. The errors, there- 
fore, which we have hitherto been unable to get rid of are not of a kind 
which would have the effect of making the result depend on the arrange- 
ments adopted on the day of experiment, but are rather such as would de- 
stroy one another in any long series of experiments. 

Dividing N by the number just found, we get for the resistance called 100 
provisionally, 

106493470 + 61100= 10655470, 

the second term being the correction for self-induction and for scale-reading. 
Since the coil of German silver, marked June 4th, was called provisionally 
101, we find as the result of the experiments for the resistance of " June 4" 
in absolute measure 

. 107620116 metres per second. 

Knowing the absolute resistance of " Jime 4," we may construct coils of 
given resistance by known methods. 
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THIRD EEPORT— BATH, SEPTEMBER 14, 1864. 

Tub Committee conbibts op — Professor Williamson, Professor Wheatstone, 
Professor W. Thomson, Professor Miller, Dr. A. MatUiiessen, Mr. 
Fleeming Jenkin, Sir Charles Bright, Professor Maxwell, Mr. C. "W. 
Siemens, Mr. Balfour Stewart, Dr. Joule, and Mr. C. F. Yaxley* 

In the present Report it is thought unnecessary again to refer to the objects 
with which the Committee was appointed, or to recapitulate, the arguments 
for and against the 'Various systems of standards which have been from 
time to time proposed. The Committee have seen no reason to alter the 
conclusions previously adopted, and now propose briefly to state the progress 
made in the practical development of those conclusions, which may be found 
expressed at length in the Report for 18 62f. 

That Report announced the . adoption by the Committee of the absolute 
electro-magnetic system of measurement, based on the metre, granuhe, and 
second, with certain modifications to facilitate the practical construction or 
use of the standards ; and it further stated that in 1863 the absolute resist- 
ance of a certain German-silver coil had been measured with considerable 
accuracy. 

No standards based on the 1863 determination were officially issued, in- 
asmuch as it was felt that a second determination was absolutely required 
before complete dependence could be placed either On the method employed 
or on tbe results obtained; Some coils representing 10 of the British Asso- 
ciation units, i. e. W absolute units according to the 1863 determination, 
were made by Messrs. Elliott Brothers, and a set from 1 to 10000 was made 
from the 1863 determination by Messrs. Siemens and Halske of Berlin. This 
last set is intended for Col. Douglas, the Superintendent of the Government 
telegraph lines in India ; and a few of Messrs. Elliotts* coils have been bought 
by persons who were unwilling to wait for the final experiments by the Com- 
mittee. None of these coils have been in any way certified as correct by 
the Committee. 

In order thoroughly to test the value of the experiments made in 1863, it 
was determined that not only every measurement should be made afresh, 
but that every element in the experiment should be varied. The experiment 
consisted essentially in causing a coil, or rather two coils, of copper wire to 
revolve or spin at a certain definite rate, and in observing the deflection of a 
magnet, suspended within the coil, by the reflection of a scale in a mirror 
attached to the magnet. 

The measurements required in the calculation are the following :— 

a. The mean radius of the coils. 

n. The number of turns made by the copper conductor forming the coils, 

I. The eflfective length of the wire. 

h. The breadth of the section of the coil, 

c. The depth of the section of the coil. 

h'. The distance of the mean plane of the coil from the axis of rotation. 

T. The time of 100 revolutions of the coil. 

D. The distance of the scale from the mirror. 

?. The scale-reading during each experiment. 

The above measurements are required for what may be called the simple 
theory, that is to say, the theory omitting all the necessary corrections arising 



Ill 

from self-induction, torsion of fibre^ &c. For these corrections it is furthet 
necessary to measure — 

1st. The coefficient of torsion of the fibre. 

2nd. The magnetic moment of the suspended magnet. 

3rd. The horizontal component of the earth's magnetism. 

4th. The variation of the electrical resistance of the coil during each ex- 
periment and between each experiment. 

5th. The variation in the direction of the earth's magnetic force. 

6th. The irregularities resulting from the unavoidable departures from 
that relative position of the telescope, mirror^ scale, and magnet which would 
be theoretically most desirable. 

In the experiments made at King's College in 1864> every part of the 
apparatus, except the distance of the mean planes of the two coUs from the 
axis of rotation, was altered ; so that every measurement was not only made 
afresh, but, where susceptible of change, was considerably different in mag- 
nitude. 

Few of the measurements could be made by the means~~employed with 
greater accuracy than one part in lOOOQ, and some of them were not deter- 
mined even with this degree of accuracy. No very perfect agreement be- 
tween two entirely distinct series of experiments was therefore to be expected ; 
but the Subcommittee, consisting of Professor Maxwell and Mr. Jenkin, 
who this year have undertaken the experiments, are fortunately able to 
report a concordance between the determinations of 1863 and 1864 which is 
most satisfactory. 

The difference between a standard constructed from the mean result of the 

1863 experiments and a standard consiancted from the mean result of the 

1864 experiments would be only 0*16 per cent. The probable error of the 
1863 experiments is 0-24 per cent, if the mean of each day's experiments 
be counted as one only ; the probable error of the 1864 experiments is O'l 
per cent, if the mean of each pair of experiments with the coil revolving in 
two opposite directions be taken as one experiment. 

TaHng into account the agreement between the means of the two years, 
we may say that the determination of the Subcommittee does not probably 
differ from true absolute measurement by 0-08 per cent. 

The Committee are of opinion that, in the present state of electrical science, 
the result now obtained is satisfactory, and wHl justify the immediate con- 
struction of final standards of electrical resistance. 

It can hardly be doubted that, with the lapse of time and the inevitable 
progress of knowledge, still better determinations will some day be made ; 
and that even now, with stiU greater care and by still further multiplying 
the number of experiments, a somewhat more perfect agreement between the 
standards and the theoretical absolute measurement could be ensured. 

The Committee had then to consider whether this possibly stiU more per- 
fect agreement would be worth the very great time, the labour, and the 
money which would have to be bestowed upon it. It has never been pro- 
posed that the British-Association standard should be considered as repre- 
senting exactiy an absolute measurement ; whatever may be the state of 
science, any such pretension could not be well founded, for all that can be 
done at any time, by the very greatest care, is to reduce the possible error to 
less than a certain amount. The amount of probable error in the present de- 
termination is so small as to be insignificant for any of the present purposes of 
science, and will always remain insignificant for any practical applications. 
For these applications it is chiefly important that every copy of the standard, 



112 

whatever that may be, should be accurately made — a condition which is quite 
unaffected by the greater or less discrepancy between the standard and true 
absolute measurement. 

The reproduction of the standard can perhaps be more easily effected, if 
ever it be necessary, by a given weight of metal or alloy than by a fresh 
absolute determination. 

Meanwhile practical standards of resistance are urgently required, and the 
Committee are pressed to come to a decision. Defective systems are daily 
taking firmer root, and the measurement of currents, quantity, capacity, and 
electromotive force call urgently for the attention of your Committee. 

Under these circumstances they have decided to rest content with the 
results of the experiments now completed^ and to commence at once the 
construction of standard coils. 

The details of the experiments on absolute resistance are g^ven in Ap- 
pendix A. 

It may be useful here to mention that the new unit will be roughly equal 
to 0*0736 times Dr. Matthiessen's mile of copper wire, and more exactly 1*0456 
times Siemens's unit, according to standards which have kindly been sent by 
Dr. Siemens to several members of the Committee and others** 

The questions of chief importance, after the magnitude of the standard has 
been chosen and determined, concern the choice of a suitable form and mate- 
rial for the actual construction of the standard ; and in this choice the per- 
manence of the standard is above all essential. 

r Dr. Matthiessen has for two years been endeavouring, at the request of the 
Committee, to discover whether the electrical resistance of various metals, under 
various conditions, can be considered as constant, or can be proved to alter. 
His Report for the present year is given in Appendix B, and will be found to 
confirm, in a great measure, the conclusions arrived at in his Report for 1863. 

No variation has been observed by him in the electrical resistance of an- 
nealed wires of silver, copper, gold, platinum, nor in the hard-drawn wires 
of gold, platinum, or of the gold-silver alloy. But a change hus been observed 
in the hard-drawn wires of silver and copper — a change most rapid in the 
first year, but very sensible in the second year ; a somewhat capricious change 
has also been observed in certain annealed German-silver wires, while others 
have been proved constant. This result has been independently observed by 
other members of the Committee. In the hard-drawn wires of silver and 
copper the direction of the change has been such as to bring the resistance 
of hard-drawn wires more nearly to resemble that of annealed wires, dimi- 
nishing the resistance ; in other words, it is such a change as would be pro- 
duced by partial annealing. 

Prom these experiments it is clearly undesirable that silver or copper 
should be used for standards even in their annealed state ; and the change in 
these metals further indicates that for standards of other metals the partially 
annealed is preferable to the hard-drawn condition. 

The experiments on these points must be continued for many years before 
much reliance can be placed on the results ; and meanwhile equal standards 
must be constructed of various materials, and protected in various ways, for 
reference and comparison. 

The precautions taken to prevent chemical action and mechanical injury 
are given in Appendix B of the Report for 1863. Coils of wire covered with 

* Twenty-five units are within one per cent, equal to the mile of No. 16 copper wire in 
use by the Electric and International Company. Mr. Varley has promised that for the 
future exact equality shall be aimed at. 
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silky baked and imbedded in solid paraffin^ appear, at present, to be the 
most promising form for the unit standards. Authentic copies of the standard 
coils made of platinum-silver alloy, which appears likely to be permanent, 
might be issued at about £2 10s. each, and coils prepared from these by 
electrical instrument-makera could be verified at a moderate rate at Kew, 
where the original standards will be deposited. Ko officially authentic 
coil can be issued until the standards themselves have been made. 

The reproduction of the standard forms the next point for consideration. 
Notwithstanding the good results obtained by Professor Thomson's method of 
making an absolute measurement, the Subcommittee do not recommend the 
adoption of this process for the reproduction of the standard, which may 
some day become necessary, owing to the accidental destruction of, or change 
in, the Kew standards. Br. Matthiessen, on the other hand, states, with con- 
fidence, that a standard may be reproduced by means of metal wires of given 
weight and lengthy or by means of mercury, within about 0*01 per cent. ; the 
report of his investigation on this subject, made conjointly with Mr. C. Hoc« 
kin, is contained in Appendix C, and may be summed up as follows. He first 
draws a distinction between ordinary care, great care, and absolute care. He 
considers that with ordinary care the gold-silver alloy is the niost suitable 
material (see Beport, 1862) for the reproduction, but when great care is Used 
lead is recommended as the most suitable material; but any reproduction by one 
material should be checked by others, such as mercury. With absolute care 
it appears that almost any material might be used. It must be remembered 
that Dr. Matthiessen considers that he himself has not taken absolute but 
only great care. 

The following Table shows the number of wires of each material tested, 
their maximum discrepancy, and the probable error in a standard reproduced 
by similar experiments : — 



Metal. 



No. of 
■wires. 



Maximum discre 
pancy expressed 
as a fraction of 
the whole con 
ducting power. 



Silver 

Copper 

Gold 

Lead 

Gold-silver alloy 
Mercury 



3 
3 
3 
4 
6 
3 



00014 

00011 

O-OOOo 

0-00054 

0-00073 

000161 



Probable 
error. 



000052 
0-00021 
000011 
0-00006 
0-00001 
000009 



Commercially pure lead differed from the chemically pure lead by only 
about 0-04 per cent. 

For an account of the care taken by Dr. Matthiessen in the chemical pre- 
parations of the metals he lised, and in their subsequent treatment and 
electrical comparison, we must refer to Dr. Matthiessen's own Keport, Ap- 
pendix C. 

With reference to mercury, great difficulty exists in making the experi- 
ments ; and it is much to be regretted that Dr. Matthiessen's experiments, very 
accordant in themselves, do not give results agreeing vrith Dr. Siemens's 
experiments. The discrepancy will be best explained by the following Tables 
giving the value of a column of mercury at 0° C. one metre long, and having 
a cross section equal to one square millimetre, according to various experi- 

I 
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♦nentfl, and with the specific gravity used respectively by Dr. Siemens ai 
Mattbiessen. 

r\ n *A' ^ Value 

Definition. B. A. una 

1. Mercury unit according to Siemcns's standard issued in 

1804. Sp. gr. mercury assumed at 13-657 0'956^ 

2. Mercury unit according to Siemcns's experiments made for ^ame 

1864 standard, but assuming sp. gr. mercury at 13*595*. 0*9634 

3. Mercury unit according to Dr. Matthiessen's experiments. 

Sp. gr. mercury assumed at 13-657 0-9646 

4. Mercury unit according to Dr. Matthiessen's experiments. ^1 ^ 

Sp. gr. mercury assumed at 13-695 0-9619 

5. Mercury unit according to one Bet of coils exhibited in 1862 

by Dr. Siemens (BerHn) :•/•-•• 0-9625 

6. Mercury unit according to a second set of coils exhibited in ? ^ 

1862 by Dr. Siemens (London) ^ 0-9742 

Dr. Mattbiessen considers No. 4 the true value, while Dr. Siemens sup- 
ports No 1. The Committee do not desire to express any opinion on this - 
subject, but only to draw attention to the great discrepancies which foDow 
the apparently simple definition of the mercury unit (first proposed by Marie 
Davy). Even now it cannot be said that a trustworthy standard, answering be 
to the definition, exists. \r^ 

The Committee have little to report concerning the standard instruments 
for the measurement of currents, quantity, capacity, or electromotive force. 
The drawings for a standard galvanometer and electro-dynamometer have 
been begun. An electro-dynamometer, suitable for general use,, has been 
constructed by Professor w. Thomson, and experiments are being made 
with it. 

Professor Thomson has also had some fine apparatus made for the measure- 
ment of electrostatic phenomena and their comparison with electromagnetic 
measurements ; but it will be best to describe the instruments when the ex- 
periments have been completed. 

Dr. Joule has made some preliminary experiments with the view to rede- 
termine the mechanical equivalent of the unit of heat by electrical means. 

Thus, although the Committee have not accomplished all that they hoped, 
they feel that such progress is being made as will justify their reappointment. 

They have received assurances that the British-Association system of units 
will be readily adopted in this kingdom, in India, Australia, and Germany. 
They believe that it will be accepted in America and in many other parts 
of the world. 

Prom Prance no response has yet been obtained. 

The Committee wish to express their sincere regret at the death of one of 
their members. Dr. Esselbach. He had made valuable experiments on the 
electromotive force of various chemical combinations, and had promised to 
communicate them to the Committee ; but their record is now probably lost. 

Before concluding, the Committee have to thank Mr. Charles Hockin for 
the efficient assistance he has affbrded, both in the determination of the 
resistance unit and in Dr. Matthiessen's researches* 

* TblB is tfie mean of the valaes gfren by Kopp, Kegnault, and Balfour Stewart. The 
discrepancy between the two values is far greater than could he due to any confusion as 
to the refereiice of the specific gravity to water at 0® and at mazimum density* 



ame. niessen. 



J??Lj2243 

(eoonc 



uni1g357 



4686 



bsolu^ 
K 10^6767 



664 iir047 
BerUiirOei 

]:iOnd<^166 
: or 0736 



.p22 
.(187 



.^75 



^n....pO 



]••••• •pD 



^ile .^8 



Varley. 



001190 



0-01261 



0-02486 



0-03591 



0-03737 
003767 

0-03802 
0-03905 

0-3620 

0-3814 

0-4072 

0-5306 

1-000 

2-243 



G^ennan 
Miles. 



0005674 



9-01108 



0-01655 



0-01666 
001676 

001695 
0-01741 

0-1613 
0-1700 
0-1815 
0-2366 
0-4457 
1-000 



[ To face page 1 14.] 



ObserratioiiB. 



0005307 I Calculated from the B. A. unit. 



fFrom an old determination bj 
1 Weber. 

No measurement made; ratio be- 
tween Siemens (Berlin) and Ja- 
oobi taken from Weber's 'Gal- 
Tanometrie.' 
/'Measurement taken from a deter- 
mination in 1862 of a standard 
sent by Prof. Thomson ; does not 
agree with Weber's own measure- 
ment of Siemens's imits ; by We- 
ber 1 Siemens's unit » 1 026 X lO' 
metres-second. 
' Measurement taken from threecoila 

issued hy Messrs. Siemens. 
Measurement taken from coils exhi- 
bited in 1862 by Messrs. Siemens, 
Halske k Co. (well (adjusted). 
* Measurement taken from coils exhi- 
^ bited in 1862b7 Messrs. Siemens^ 
1 Halske k Co. (well adjusted). 

metres 
Equal to 10,000,000 g^^^^, ac- 
cording to experiments of Stand- 
ard Committee. 

r From coils exhibited in 1862 (pretty 
\ well adjusted). 

r From coils exhibited in 1862 (in- 
\ differently adjusted). 

r From coils exhibited in 1862 (badly 
\ adjusted). 

{From a coil lent by Dr. Mattfaies- 
sen (of Gerinan-silyer wire). 

/ From coils lent by Mr. Yarley (well 
\ adjusted). 

fFrom coils exhibited in 1862 by 
\ Messrs. Siemens, Halske & Co.* 
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AppBHDiif A. — Description of afurtMr Etcperimental ineasurenient of Electrical 
Meaistance made at Kind's CoUege, By Prof. T. 0. Maxwell and Mr. 
rLESiiiNa Jenkik^ mlh the assistance of Mr. Chables Hockin^. 

The method employed in these experiments has been folly described in Ap- 
pendix D to the Report of 1863. In the new experiments the elements of 
the calculation were varied as much as possible ; fresh wire was wound on 
the experimental coils ; observations were made with velocities differing 
widely from one another. Fresh measurements wete made of all the cor- 
rections required, and greater precautions were taken to avoid local disturb- 
ances* 

n, the number of windings, was ... . 313. 

I, the effective length of the wire . . 311*118 metres, 
the mean circumference 0*993987 metre. 

a, the mean radius 0-158194 

5, the breadth of each coil 0*1841 

2b, the distance from centre to centre 

of each coil 0*03851 

c, the depth of the layers 0*01608 

The weight of the wire and silk. . . . 110 oz. 8 dwt. 

log sin'' a= 1-9624955. 

D, the distance from the mirror to the scale ; 2212 millims. in some 
experiments, 2116 millims. in others. 
The following Table gives the result of the experiments, and the com- 
parison with those of 1863. 



99 
99 



if 



99 



Time o^ 100 

revolutions, in 

seconds. 



17*64 

17*68 
77*62 
76*17 
63*97 
64*53 
41*76 
41*79 
54*07 
63*78 
17*697 

i7*7as 

17*81 

17*78 

1701 

16-89 

21*35 

21*38 

21-362 

21*643 

11-247 

16-737 



Values found for 
coil in terms of 
10^ for each expe- 
riment. 



4*7201 
4-6914 
4-8848 
4-4871 
4-6607 
4*6666 
4-6279 
46276 
4-6496 
4-6146 
4-6108 
4-7818 
46462 
4-7489 
4*7667 
4*6187 
4*6834 
4-6727 
4-6526 
4-7134 
4-8668 
4-63C5 



Value of B.A. unit in 



terms of lO^^^. 



metre 



seconds 
as calculated from 
each experiment. 



1-0121 
0-9836 
1-0468 
0-9613 
0-9985 
0-9998 
0-9916 
0-9936 
0-8961 
09886 
0-9878 
10136 
0-9952 
1-0174 
10191 
1'9896 
1*0034 
1-COll 
0-9C68 
10096 
10424 
0-9707 



Value from 
mean of each 
pair of expe- 
riments. ' 



} 



0-9978 
1-0040 
0-9902 
6-9925 
0-9924 
10007 
10063 
10043 
10022 
10040 
0'£981 



Percentage 
error from 
mean value. 



-0-22 
-f-0-40 
^0*08 
-0-75 
-0-76 
+0-07 
+0-63 
+0*43 
+0-22 
4-0-40 
-0-19 



Probable error of E (1864)= 0*1 per cent. 
Probable error of E (1863)=0-24 per cent. 
Difference in two values 1864 and 1863 ta 0*16 per cent* 
Probable error of two experiments = 0-08 per cent. 

i2 
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la consti*ucting the standard coil, in consideration of the mnch ^greater 
range of velocities used in 1864, the 1864 mean value was allowed to have 
five times the weight of the mean value obtained in 1863, 

Appendix B. — On the Electrical Permanency of Metals and AUoys, 

By A. MATTHiEssBir, F,B,S, 

Ik Appendix A of the Report of your Committee of last year, I gave the 
results of some experiments made to test the electrical permanency of some 
metals and alloys. On August 5 of this year I re-tested them, and give the 
results in the following Table, taking the conducting power of No. 15 = 100-00, 
as was done in last year's Report. 





May 9, 


T. 


June 14, 


T 


Aug. 5, 


T 




1862. 


1863. 


-»■• 


1864. 




1. Silver : hard-drawu .... 


10000 


20-2 


103-916 


200 


104-397 


20-2 


2. Silver : annealed 


100-00 


20-2 


99-947 


20-1 


ioo-ai3 


20-1 


3. Silver : hard-drawn .... 


10000 


20-2 


102-807 


20-2 


103-655 


201 


4. Silver : annealed 


10000 


20-2 


100-031 


20-0 


100048 


20K) 


5. Copper : hard-drawn .... 


100-00 


20-1 


100-248 


20-2 


100-276 


20-0 


6. Copper : annealed 


100-00 


20-1 


100015 


20-0 


100010 


20-1 


7. Copper : hard-drawn 


100-00 


200 


100-149 


19-8 


100-200 


20-2 


8. Copper : annealed 

9. Gold : hard-drawn 


10000 


200 










100-00 


200 


100-045 


20-2 


100000 


20-2 


10. Gold : annealed 


100-00 


20-0 


100-062 


20-0 


99-960 


20-2 


11. Gold : hard-drawn 


100-00 


200 


99-869 


20-2 


99-937 


200 


12. Gold : annealed 


10000 


200 


99-877 


20-3 


99-960 


20-0 


13. Platinum : hard-drawn . . 


10000 


200 


99-951 


20-2 


99-989 


20-2 


14. Platinum : hard-drawn . . 


10000 


200 


99-999 


20-2 


100-008 


20-1 


16. Gold-silver alloy: hard- 














drawn 


10000 


20-0 


100000 


20-2 


100-000 


20-2 


16. Gold-silver alloy: hard- 


drawn 


10000 
10000 


19-9 
20-3 


99-963 
100162 


20-3 
20-0 


99-996 
100-135 


20-0 
20-0 


17. German silver : annealed. 


18. German silver : annealed. 


100-00 


20-3 


100-146 


20-0 


100152 


200 


19. German silver : annealed. 


10000 


* . 


100-217 


20-2 


100-193 


20-2 



From the above it will be seen that the following wires have not sensibly 
altered in their conducting power during the space of two years : — 



No. 
2. 


May9, 

1862. 


June 14, 
1863. 


August 5, 
1864. 


Maximum dif- 
ference corre- 
sponds to. 


100-00 


99-911 


99-977 


5-25 


4. 


10000 


99-959 


99-976 


010 


6. 


10000 


99-979 


100010 


005 


9. 


10000 


100-117 


100-072 


0-30 


10. 


100-00 


100-062 


100-032 


0-20 


*11. 


100-00 


99-941 


99-937 


0-15 


*12. 


100-00 


99-985 


99-980 


010 


13. 


100-00 


100023 


100061 


0-15 


14. 


10000 


100-071 


100-044 


0-20 


15. 


100-00 


100-000 


100000 




16- 


100-00 99-963 


99-996 


- 



» Wiihout taking into consideration the corrections due to temperature, I placed in 
List year's il^port these two wires with those whose conducting powers had changed. 
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All the values have been reduced to the first observed temperature, aS" 
-sumiiig that all pure metals vary in conducting power alike with tempe- 
rature. The correction made was the addition or subtraction of 0-036 for 
each 0^*1, which number corresponds to the correction of conducting power 
for temperature at 20°. No correction has been made in the cases of "No. 15 
and 16, for it is so small that it may be neglected, being about 0*006 for 
each 0^-1. 

As stated in last year's Eeport, the differences may be considered due to 
temperature ; for, as there explained, a difference in the temperature of the 
wire and the bath might well exist, and we find in most cases a difference 
in the conducting power corresponding to 0°'l to 0°'2. 

It is interesting to find that hard-drawn silver and copper wires become 
partially annealed by age, at least the increment in the conducting power 
would indicate such to be the case. In the case of silver, a decided incre- 
ment will be observed. 

No. 8, copper, annealed, has altered so much, that there can be no doubt 
that it was badly soldered. 

"With regard to the alteration observed with the German-silver wires, it 
mJay here again be stated that it is not to be assumed that all wires of this 
alloy will alter in like manner. An example of this has lately come to my 
notice. About two years ago I made a coil of the gold-silver alloy, which 
was compared with one of Prof. Thomson's German- silver coils ; and having 
them still in my possession, they have now been re-compared, with the fol- 
lowing results : — 

- July 8th, 1862. Resistance of Thomson's coil being 1 at 18*'*4, that of 
the gold-silver coil was '88445 at 18°-4. 

August 6, 1864. Resistance of Thomson's coil being 1 at 18°*4, that of 
the gold-silver coil was '88447 at 18*^-4. 

It is worthy of remark that the first comparison was made by Dr. C. Vogt, 
the last by Mi*. C. Hockin, and with entirely different apparatus, showing 
that different observers with different apparatus obtain absolutely the same 
results when they take great care in making the observations. 

The above proves that the conducting power of all specimens of German- 
silver wire does not alter by age. Further experiments are being made on 
this subject, and in the course of a year or so we shall be able to say how 
far German silver may be trusted for making resistance coils. 

Appendix C— On the Heproduction of Electrical Standards hy Chemical Means. 
By A. Matthibssen, F,B,S., and C. Hockin, Fellow of St. John's College, 
Cambridge, 

Having been requested by your Committee to make some experiments with 
the view of discovering the best method of reproducing a unit of electrical 
resistance by chemical means, we have carried out the research of which we 
now propose to give the results. -^ 

The experiments have been made with unusual care. It is important to 
point out the degree of precaution that has been taken to insure trustworthy 
results. The care taken in these experiments may be called great care as 
opposed to ordinary care on the one hand and thorough care on the other. 
By ordinary care is meant the care usually taken in scientific research, where 
no extraordinary precautions are ha,d recourse to. The sort of accuracy 
obtained when a unit is reproduced with ordinary care may be seen by 
reference to former results. For instance, in the determination of the con- 
ducting power of mercury, described in * Phil. Trans.,' results were obtained 
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ase and lo 
n. absoLate 
ained, and 

tiie 
on them. 



differing in some cases by 1*6 per cent The same degree of accuracy was 
obtained in the determination of the mercury unit by Dr. W. Siemena, de- 
scribed in * Phil. Mag.' 

On the other hand, in the experiments to be described, and in those laade 
by Mr. Sabine, the results differ by only a few hundredths per cent. 

The results of the determinations of the conducting power of the gold- 
silver aUoy, described in the * Phil. Mag.' Feb. 1861, differ from each other 
by 1'5 per cent. ; the values now found for the same quantity difi^r by only 
seveu-hundredths per cent. No doubt if greater care had been taken and 
more perfect instruments used, still better results would have been obtained. 

Perhaps the great difference between what is above called great oare and 
ordinary care lies in the time employed. The experimenter UMg great eare 
has to neglect almost all consideration of time, and repeat his lAenmenta at 
reasonable intervals, in all cases in which it is possible that by^pee of time 
such etror as at first there is no means of detecting may in 
become apparent. The meaning of absolute care is clear. ^ 
care is taken no precautions are omitted, the best instruments 
every care taken in the manipulation. 

The apparatus used in the following research will first be d 
results obtained wUl be then given, and finally some remarks im 

Descbiptioj?^ op Appaeatus. 

Battery, — ^The battery employed was a single Bunsen's cell. Che wires 
connecting it with the bridge ran parallel to each other the whoBof their 
length, so that no attraction was exercised on the magnet of thesalvano- 
meter by the current traversing them*. 

Balance, — For measuring the resistance of the wires a Wheats 
lance^ as modified by Kirchhoff, was employed. A plan of it b 
Plate III. (fig. 1). ^ 

L and B are two resistance coils acting as the arms of the balance 
are joined by the wire A A^, along which the block B connected 
end of the galvanometer coil can be moved. 

The wire A A' of the instrument was made of an alloy containing fi5 per 
cent, of platinum and 15 per cent, of iridium. The advantages of emgpying 
this alloy are that it does not readily oxidize, that it does not ohang 
in conducting power with an alteration of temperature, and that it d 
aUoy with mercury. 

S is a standard coil immersed in an oil^bath, 

P is the wire to be measured or compared with the standard S, a 
immersed in a large trough of water. 

G is an ordinary galvanometer by which approximate results .are ^st 
observed. 

Gtj is a very sensitive Thomson's reflecting galvanometer, by which the 
final observations are made. 

M^, Mg &c., m^ wig &c. are mercury cups used to connect the several parts 
of the circuit by thick copper rods and bars, plainly shown on the drawing. 
The arrangement shown was found convenient, as it admitted of adjustment 
to various positions and dimensions of conductors to be compared. The 
position of B on the wire A A' could be observed by a boxwood scale divided 
into millimetres and a pointer on the block. 

K is a key used to complete the battery circuit, and worked by a treadle 

* The battery circuit was generally broken, and was closed by pressing down a treadle, 
placed under the table, with the foot. The terminals were of platinmn, 



119 
« 
from below. An enlarged section of the block B is given in fig. 3. a is a 
wooden handle by which the rod h, with the platinum point d, can be de* 
pressed so as to come in contact with the wire of the' bridge. When the pres- 
sure of the hand is removed the spring e lifts the handle and breaks the con- 
tact. The galvanometer wire is screwed in between the metal plates / and g, 
A pad of gutta percha between the knob h and the handle prevented any 
sensible thermal current. To the top of the block was fixed a piece of brass 
with a slit in it to serve as a pointer. A lens also was fastened to the handle 
to read fractions of a millimetre on the scale. The body of the block was of 
lead, with a slab of ebonite at the top and bottom. The block ran on a tram- 
way parallel to the scale and wire of the balance. 

A section of one of the mercury cups is given at fig. 2. At the bottom of 
the cylindrical cup I mn o is placed an amalgamated copper plate, and 
mercury is poured into the cup; the plate is held down by the wooden 
cylinder j9, and this is kept in its place by the pin r s. This plug fits the 
cup closely, and is pierced with two or more holes for the terminals to pass 
through. The cups were propped up with wedges, when placed under the 
-&sed terminals of the balance, that these might press firmly against the 
metal bottoms of the cups. 

Each of the coils E and L had a resistance of about 20 metres of the 
wire of the instrument. Careful measures were made of the resistance of 
the wire of the bridge at different points in order to find if there were any 
very faulty points in it ; this was done by putting the coils R and L in their 
places, and increasing the resistance of one of them by means of a short 
piece of wire. The effect of this wire was to shift the zero-point, Two 
coils, differing about one tenth per cent., were then placed in ike centre of 
the instrument and the reading taken ; these coils were then reversed and 
the reading again taken. 

Suppose 2 Z the resistance of the circuit from the point B to B' when the 
short wire is removed, z the change in the ssero-point caused by the insertion 
of the short wire above mentioned, and a? the difference of a pair of readings, 
resistances being expressed in millimetres of the wire A A', and lengths ex- 
pressed in millimetres of the scale ; then the resistance of a millimetre of 
the wire of the instrument about the zero-point is 

a 

J- is the ratio of the two centre coils. 

The value of this expression was found for different points from one end 
to the other of the wire, and did not vary more than two or three tenths 
of a millimetre, an error not considerable enough to affect the results obtained 
with the instrument. 

The value of the coil R was thus found. It was placed in the mercury 
cups m\y m'jj, and the cups m^, m^ were joined by a stout copper bar. Two 
coils, the ratio of the resistance of which was known, were placed in the two 
centre cups and the reading taken. 

Let - be the ratio of two centre coils, a? the reading of scale, which was 
h 
divided from A' to A, R+r the resistance of the circuit from B' to the point 
of wire opposite that end of the scale nearest to R, viz. A', I the correspond- 
ing quantity for the other side of the instrument. 



Then clearly 



or 



120 



B+r=^(Z+1000-a?) 
6 



—A'. 



The readings are given in the following Table : — 



Hatio of ^. 




Reading. 


Value ofR+r. 


Value of R+r. 


24:1 


120-5 


20987+24? 


21215 


26:1 


186-5 


20964+ 26? 


21210 


29:1 


269 


20930 +29Z 


21205 


34:1 


375 


20875+34? 


21197 


36:1 


409 


20867+36? 


21208 


37:1 


425-25 


20841+37? 


21192 


39:1 


454-25 


20830+39? 


21201 


42:1 


493-25 


20790+42? 


21188 


47:1 


547-25 


20732+47? 


21177 


55:1 


613 " 


20672 + 55? 


21193 


60:1 


645-25 


20625 + 60? 


21194 


68:1 


688 


20528 + 68? 


21173 


76:1 


720-75 


20483+76? 


21203 



Zero-point was at 516. 

Besistance of half length of circuit is 21712 millimetres of wire. 

All these values are within necessary errors of observation. The fii'st few 
values are most to be relied on, as the values of r+R depend nearly directly 
on 1000— r. 

So many measurements were made in order to find whether the wire 
tapered towards either end. The similarity of the values found for R+r 
shows this better, perhaps, than the direct method before described. 

A set of similar measurements were made with the coil L in the left-hand 
mercury cups, and equally good results obtained. 

The galvanometer employed was one of Thomson's reflecting galvano- 
meters, made by Messrs. EUiott Brothers. A short coil was employed. 
The instrument was placed in a deal box, blackened inside, with large aper- 
tures to observe through. The spot of light could thus be clearly seen, and 
the divisions of the scale were sufficiently illuminated to enable the observer 
to see immediately in which direction the spot of light moved. The instru- 
ment was sufliciently delicate to show 0*001 per cent, difference in the ratio 
of any two nearly equal conductors compared, corresponding to -^-^ millim. 
on scale of bridge. 

An ordinary galvanometer was also at hand to find about the place of 
reading on the scale. 

The balance employed for weighing was .by liebrich of Giessen, and would 
weigh to ^ of a milligramme with accuracy. The weights were adjusted 
by Oertling, and again tested by weighing them against the largest weight 
(50 grms.). Mr. Balfour Stewart was kind enough to test this weight, and 
found its value to be exactly 60-000 gims. All weighings made in this 
research were double weighings. 
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The measurements of lengths of wires tested were made with a beam-^ 
compass. It was furnished with a vernier carrying a telescope. The in-* 
strument was fixed horizontally before a window, the ends being clamped to 
shelves in the wall on either side of the window. 

The telescope pointed downwards, and the wires to be measured were laid 
on a board fixed below the instrument. 

With this apparatus measurements could be made with the greatest cer- 
tainty to :^ of a millimetre, the telescope being sufficiently powerful to 
show much smaller lengths than this. 

We are indebted to Mr. B. Stewart for measuring the values of the divi- 
sions of the instrument. 

Thermometers, — ^Two thermometers were employed. They were made by 
Messrs. Negretti and Zambra. One was divided to ^ of a degree Centi- 
grade, the other to single degrees. The large thermometer was found to ber 
correct by the Kew standard. The zero-points of the thermometers were 
carefully taken. 

Trbugh, — ^The wires the resistances of which were to be determined were 
placed in a glass tube immersed in a trough of water. 

The trough was 1*5 m. long by 0*16 m. square section. A stream of water 
flowed through it, coming in by the tube V (fig. 1 ) and escaping by the waste- 
pipe W. This arrangement was adopted because it was found IJiat naphtha 
or oil soon acted on the wires and altered their resistance, so that they could 
not be immediately exposed to the action of a liquid. The details of the 
arrangement wiU be understood by reference to fig. 4. 

The wire to be tested, a h, was soldered at its ends to copper bars, as a c. 
On to each of these bars was slipped a piece of glass tubing, as ef. These tubes 
were fastened to the copper bars by india-rubber tubing. The wire, with 
its connexions, was then placed in the large \ glass tube AB. The piece of 
tubing ef was then fastened to the bent tube C E D P by india-rubber tubing. 

The ends of the terminals a e were beaten out flat and amalgamated. 
The bent tubes were nearly filled with mercury, and the terminal c was con- 
nected with the mercury cups m\, m\ of the instrument by copper rods amal- 
gamated at each end. 

The resistances of the wires were compared with those of coils of German 
silver, well varnished, immersed in a cup of oil. The temperature of the oil 
was determined by the small thermometer before described. 

Method of observing, — ^The wires were placed in the trough and the con- 
nexions made. The water was then turned on and allowed to flow for about 
fifteen minutes. The large thermometer was placed in the trough, and the 
temperature was read off by means of a lens placed so as to avoid all error 
of parallax. The small galvanometer was then connected with the electric 
balance, and the approximate reading found. 

The large galvanometer was next connected, and the block handle pressed 
down untn any thermal current that existed had ceased to cause the needle 
of the galvanometer to oscillate. The battery contact was then made for an 
instant with the foot. The slight kick given by the spot of light at once 
showed which way the block bad to be moved, without its being necessary 
to keep the battery on long enough to heat the conductors sensibly. 

The observing-room was kept at a very equable temperature by a screen 
before the window, also the wire of the balance was protected by a piece of 
boarding from the heat radiating from the observer's body. 

After every observation the temperature of the coQ and the water in the 
trough was read off, and if any difference was observed between these read- 
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ings and thoae first taken, the obseryation was rejected and anotiier one 
taien. 

Pour obsorrations were made on each wire at interyals of firom twenty to 
forty minntes. 

. Before noting down the Boale-reading all the oonnectors were moyed, and 
if no change in resistance was observed the connexions were presumed to be 
good. 

All regnlts are given in terms of weight and length, ns it is impossible to 
measure the diameter of a small wire with the accuracy with which the 
weight can be found ; moreover, the cross section of a wire is not generally a 
circle, and the mean diameter varies slightly from point to. point however 
oarefUUy it may be drawn. 

A great oversight was made in not observing the specific gravity of each 
wire, so that the results of the experiments now made could be compared 
with former ones. This omission was first made because it was thought 
that the results of former experiments could be used; but after several 
measurements had been made it was found that the values of the specific 
gravity of wires of the same metal, given by different observers, varied so 
much that it was impossible to find the resistance of a wire of a metal of 
whioh the length and sectional area are known, from the resistance of a wire 
of whioh the length and weight are known, without taking the specific gravity 
of the wiie actually experimented on. 

SiLVBB. 

Three silver wires were compared. 

No. I. from commercially pure nitrate of silver, 
No. II. from French coin. 
No. III. from English coin, 

The silver was first dissolved in nitric acid and then diluted with water and 
precipitated by hydrochloric acid. The chloride was then well washed, and 
afterwards fased with pure carbonate of sodium. The resulting button of 
silver was fused a second time with borax and a little nitrate of potas** 
slum I lastly, before casting, it was fused with a piece of charcoal floating on 
the top. The mould was about 35 millimetres long by 4^ millimetres dia- 
meter. The drawing of the wire was conducted with the utmost care. The 
wire was annealed only twice during the process. 

In dravring all wires the end first entering the hole was reversed at each 
successive drawing, after it had been drawn down to about one half its re- 
quired diameter. The wires were twice drawn through each of the smallest 
holes, the ends being reversed as before. 

To measure the harder wires they were straightened by rolling them 
between two smooth boards, and then passed through a thermometer tube of 
such a length that the ends just projected from the tube, the long ones being 
eut into two or three lengths for the purpose. It was found that the wire 
could be pulled out of the tube and reinserted many times without altering 
the length by half one tenth of a millimetre. Some care was necessary in 
soldering the wires to their connexions. A small lump of hot solder was 
placed in the terminal, and the end of the wire steadily and slowly pushed 
into it until it set. Thus the boundary between the wire and solder was well 
defined, and the wire could be cut off at exactly the required point. The 
wires were weighed and measured after the resistance had been taken. 

The care taken in drawing the silver wires accounts fi>r the close agree- 



128 



ment of the results. Another wire was drawn as rapidly as possible through 
the Mfi)X holes to harden it, and a difference of 3| per oent, was found in 
its conducting power. 

The results are given in the following Table : — 





Wire No. I. 




Temperature of 9oil, 


Beitding of bridge-seale. 


Temperature of wire. 


21-1 


888 


2f-3 


21-2 


888 


21-3 


21-4 


890 


21-4 


21-3 


891 


21-4 


Length 1-5906 m. 


Zero-point at 514-25. 
No. IL 


Weight 2-9208 grammes. 


18-8 


194 


19-3 


190 


199 


19-4 


19-3 


204 


19-5 


19-4 


206 


19-6 


length 1-0749 m, 


Zero-point at 51425 

No. m. 


Weight 3-4419 grommes. 


18-6 


840 


18-2 


18-8 


855 


18-8 


19-3 


870 


19-2 


19-8 


880 


19-5 - 


Length 1-3692 m. 


Zero-point at 613-7 


Weight 2-1572 grammes. 


Besistance 


of metre-grammo wii« No, 


1. l-OOOO. 


f9 


„ No, 


n. 0-9991. 


99 


„ No. 


IIL 0-9986, 



COPPEB, 

Three copper wires were tried. The copper employed was electrotype 
copper, and it was drawn without previous fusion. The copper of wires 
Nos. I. and II. was prepared by Messrs. De la Rue & Co., that of No. III. wire 
as follows :' — Sulphate of copper was made by dissolving electrotype copper 
in pure sulphuric acid, and twice recrystallizing : the copper was obtained 
from the sulphate thus prepared by electrolysis ; it was precipitated on a 
greased platinum pole, the other pole being of electrotype copper. 





Wire No. I. 




Temperature of coil. 


Beading of bridge^scale. 


Temperature of wire. 


23'4 


244 


2i-2 


23'6 


246 


21-3 


23-7 


248 


21-3 


23-8 


250 


21-4 


. Length 1-9324 m. 


Zero-point at 514. 
No. II. 


Weight 3-9867 grammes. 


20-1 


198 


19-9 


20-5 


217 


20-2 


'20-8 


221 


20-4 


20-8 


223 


20-45 


Length 1181*05 m. 


Zero-point at 514. 


Weight 1-4908 gramme. 



Te mperaiure of coil. 

21-6 
21-8 
21-8 
22-0 
Length 1-6187 m. 
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No. IIL 

Beading of bridge-ecale. 

. . 565. . 
670 
573 
572-5 
Zero-point at 514. 



Temperature of wire. 

20-8 
21 
21 
21 
Weight 2-7151 grammes. 



Besistance of metre-gramme of wire No. L 1-0000 

No. IL 1-0005 
No. m. 1-0011 



99 



99 



99 



99 



Gold. 

Three gold wires were tried. 

No. I. from Australian gold. 
No. II. from English coin. 
No. UI. from English coin. 

The metal was first dissolved in nitro-hydrochloric acid, the excess of 
acid was then evaporated off, and the salt largely diluted with water to 
precipitate the chloride of silver. . After filtering the gold was precipitated 
by sulphurous acid, the precipitate collected in a small beaker, and washed 
four times with hydrochloric and nitric acid alternately. After drying it 
was fused with borax and nitrate of potassium and cast. It was again fused, 
and finally cast in the mould. 

Wire No. L 



Temperature of coil. 

20°-2 
20^4 
20-4 
20-8 
Length 0-8854 m. 


■ Beading of bridge-scale. 

849 
849-8 
851-5 
852-5 
Zero-point at 515-2. 


Temperature of wire. 

18-8 
18-8 
18-9 
18-9 
Weight 2-2200 grammes. 




No. II. 


21-6 
21-6 
21-6 
21-8 
Length 0*9998 m. 


634-5 

638 
638 
638 
Zero-point at 515-2. 

* 


20-2 
20-3 
20-3 
20-3 
Weight 2-9021 grammes. 


• 


No. IIL 


19-8 
20-1 
20-5 
20-8 
Length 1-0211 m. 


782 
788 
784-6 
797 
Zero-point at 515. . 


19-2 
19-4 
19-6 
19-8 
Weight 2-9753 grammes. 


Besistance of 

99 
99 


metre-gramme of wire No 

No 
No 


. L 1-0000 
. il. 0-9998 
. IIL 0-9995 



Lead. 
With lead very good results were obt-ained. Pivc wires were determined. 
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The wires were pressed at a gentte heat, the press being carefully bored and 
cleaned before)iand. As the wire came from the press it was received on a 
smooth board. It was then at once soldered on to the connexions and placed 
in the trough. The solder employed was Wood's cadmium alloy. After 
being cut from the connectors the wire was straightened by rolling between 
two boards with great care ; it was then placed on the board beneath the 
beam-compass, adjusted to the groove below the line of motion of the cross 
wires of the telescope, and carefully measured and' then weighed. 

Wire No. I. was cut from a bar of commercially pure lead, prepared by 
Mr. Baker of Sheffield, 

Wire No. II. made from lead obtained by heating the acetate thrice re* 
crystallized. This specimen was kindly prepared by Mr. Mathews. 

Wire No. III. from the acetate of lead of commerce twice crystallized. 

Wire No. lY. from the acetate of lead of commerce three times crystallized* 

Wire No. Y. from the seventh recrystallization of acetate of lead. Kindly 
prepared by Professor Atkinson. 



Temperature of ooil. 

18-1 
18-2 
18-3 
18-4 
Length 0-4907 m. 



16-4 
16-4 
180 
18-1 
Length 0-5100 m. 



17-0 
17-0 
17-2 
17-4; 
Length 0-4910 m. 



17-2 
17-6 
17-7 
17-8 
Length 488-2 m. 



18-8 
18-8 
19-1 
19-6 
Length 0-4915 m. 



Wire No. I. 
Seading of bridge-scale. 

355 
362 
362 
362 
Zero-point at 514. 

No. IL 

855 
867 
869 
869 
Zero-point at 514-5. 

No. IIL 

746 

748 
74S 
748 
Zero-point at 516. 

. iTo. IV. 

525 

529 
530 
535 

Zero-point at 515-2. 

No.Y. 

628 
628 
634 
640 
Zero-point at 515-5, 



Temperature of wire. 

lf5 
17-8 
17-6 
17-6 
Weight 2-0689 grammes. 



171 
17-5 
17-6 
17-6 
Weight 2-1320 grammes. 



16-1 
16-2 
16-2 
16-3 
Weight 1-9883 gramme. 



15-3 
15-3 
15-3 
15-4 
Weight 1-9991 gramme. 



17-8 
17-8 
18-0 
18-2 
Weight 2*0253 grammes. 
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sf 



Besistance of inetre^gratnmo of \fm No« I* 1*00000 

„ II. 1-00045 

„ III. 1-00629 

IV. 1-00054 
V. 1-00026 



99 

99 






GoLD-SILTSB AIXOT. 

No. I. Part of the alloy formerly prepared for the experiments described 
in ' Phil. Mag.' Feb. 1861, and there described as wire Ko. t. 
No. TI. Part of No. VII. there described. 
No. in. Part of No. VIII. there described. 
No. IV. Prom the first three alloys mixed and refused and drawn. 



0. Y. Auoy reprepare( 


1 irom Jtoe pure meuuB. 
Wire No. I. 




Temperatttre of coil. 


Reading of bridge-scale. 


Temperature of wire. 


17-8 


816-0 


17-8 


18-4 


821-6 


18-2 


19-8 


831-5 


20-2 


20-0 


845-0 


21-2 


Length 0-5374 m. 


Zero-point at 517*6. 
No. II. 


Weight 1-8607 gramme. 


18-4 


481-0 


18-6 


18-8 


482-4 


18-8 


19-6 


486-0 


19-4 


20-0 


497-6 


21-3 


Length 0-4263 m. 


Zero-point at 517*3. 


Weight 1-2082 gramme. 


» 


No. TIL 




19-2 


594-0 


17-8 


200 


600-2 


19-2 


18-6 


595-4 


18-2 


19-0 


596-0 


18-5 


Length 0-3709 m. 


Zero-point at 617-4. 


Weight 0-9052 gramme. 




No. IV, 




18-8 


" 870 


17-8 


190 


870 


17-9 


19-1 


869 


18-0 


19-3 


869 


18-0 


Length 0-5472 m. 


Zero-point at 514-5, 
No. V. 


Weight 1-9199 gramme. 


18-8 


£42-0 


17-6 


19-0 


541-6 


17-7 


19-2 


541-4 


17-6 


19-2 


541-8 


17-7 


Length 0-6333 m. 

• 


Zero-point nt 515. 


Weight 2-6497 grammes. 
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Eestjlm fob Gold-silver alloy. 

Resistance of metre-gramme of wire No. I. 1*00000 

No. II. 0-99963 
No. III. 1-00017 
No. IV. 1-00036 
No. V. 0-99996 






»> 



»j 



>» 



)) 



Mercury. 

Three tubes were filled with mer<niry and their resistance taken. 

Tubes Nos. I. and II. with distilled mercuxy treated with nitric and bu1« 
phuric acid. 

Tube No. m. with mercury distilledf rem a specimen which contained a 
small quantity of gold. 

The lengths of the column are given below in their order. 



Tube I. 


Tube II. 


Tube III. 


mm. 


mm. 


mm. 


383 


291 


245 


384 


288 


242 


390 


289 


240 


386 


287 


240 


389 


288 


242 


3841 


288 


243 


381 


291 


243 


377 


290 


244 


384i . 


292 


246 


392 


288 


246 


399 


288 


248 


405 


289 


248 


407 


288 


252 


407 


288 


253 


406 


288 


254 


413 


290| 


254 


418 


292 


257 


424 


293 


228 


416-5 


295 


260 


416 


297 


262 


414 




266 


405 




267 


405 






log^' 


iog§: 


io4 


= 1-9995018. 


= 1-9998710. 


«:I-9995614. 



Severed other kinds of mercury were tried in one and the same tube, and 
the resisteuces found to Ibe the saine within two or three hundredths per cent. 

Sixteen tubes were obtained, picked from a great number, and of these the 
three best ones were taken. No. I. was not so good a tube as the others, as 
the outside was tineven, rendering it impossible to calibrate it with very great 
accuracy. 



128 

To calibrate a tabe it was taken and carefully cleaned with pure nitric acid, 
and then with a solution of caustic potash. It was then well rinsed with 
distUled water, and dried by passing a current of hot air through a chloride- 
of-calcium bulb and then through the tube. A small column of mercury 
was put in the tube, and the length of column measured by the beam-com- 
pass. The column was shifted along the tube by sucking up or blowing 
through an india-rubber tube with a chloride-of-calcium tube inserted be- 
tween it and the tube to be calibrated. By this arrangement the column 
could be adjusted with the greatest nicety to the place in the tube required. 
The lengths of the column were taken at equal interrals from one end of the 
tiibe to the other. The formula for correction used is given below. 

Let C be conducting power of a tube of uniform bore and of length, ca- 
pacity equal to that of tube considered; C observed conducting power. 
Then 



SX2i' 



where n is the number of measurements made, \ the length of the column of 
mercury in any position, the summation extending to all the readings 
taken. 

The ends of the tubes were ground by putting some emery powder and 
naptha on a slate table, holding the tube vertically upright with the left hand, 
and with the right hand rubbing the end of the tube in contact with the 
table round the circumference of a small circle. Thus the end of the tube 
was made slightly convex, the opening being at the apex of the convexity. 
To measure the tubes they were placed under the beam-compass, and a stout 
pin inserted partiaUy into each end. 

From the shape of the ends of the tube^ the point where the pin emei^ed 
from the tube could be exactly seen and the measurement made with cer- 
tainty. Many measurements were made turning the tube round its axis through 
a small angle before each measurement, and the mean of the lengths found 
taken for the true length. To find the weight of the tube full of mercury it 
was carefully cleaned, filled with mercury, and placed in a long narrow 
trough full of pure mercury. The tube was held down by iron weights, a 
thermometer inserted in the trough, and the apparatus allowed to stand until 
the temperature was constant. After the true temperature had been obtained 
the tube was taken out of the trough and the contents weighed. 

This was managed in the following manner. One operator took hold of 
the tube by pressing a finger against each end and lifting from the trough ; 
the little globules adhering to the outside of the tube were then rapidly re- 
moved by two assistants with brushes. 

The mercury was then allowed to flow slowly out into a small porcelain 
crucible and weighed. In this way pretty consistent results were obtained 
if the tubes were cleaned before each filling. 

To determine the resistance of the tubes they were placed in the water 
trough, with bent pieces of tubing fastened on to the ends with india-rubber 
i;ubing and reaching above the surface of the water. 

The terminals were of copper, well amalgamated. They dipped into the 
bent tubes and came flat against the ends of the tubes the resistance of which 
was to be determined. In the calculation of the weight of mercury at 0° in 
the tube from the observed weight, Regnault's value for the expansion was 
used. 
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Connexions of amalgamated platinum were first used, but did not give 
good results. It was found that the amalgamation was imperfect. The mer- 
cury adhering to the platinum was rubbed off against the ends of the tube, 
and the resistance varied with the height of the mercury in the bent tubes. 
The platinum was amalgamated by dipping it into a mixture of mercury 
and sodium amalgam. The sodium was then oxidized and dissolved off by 
dipping the platinum in a little dish of water and hydrochloric acid. The 
terminal was then drawn through a dish of clean mercury, so that the 
water floated off. The platinum was then for the; time beautifolly amal- 
gamated ; but the mercury soon drained off when the plate was exposed to 
the air, and could be easily rubbed off even when the platinum was immersed 
in mercury. 

Tube No. I. 



Temperatare of ooil. 

181 
18-4 
18-4 

18-8 



Wt., temp. 19-6 
21-0 

20-8 



. . • . 



» 



w 



Wts. reduced to 21° :— 



grms. 

24-7021 
24-6930 
24-6950 

24-6958 
24-6930 
24-6940 



Beading of 
bridged. 

3460 
349-2 
349-2 
348-0 
Zero-point 515 



Temperatara of wire. 

18-2 
18-6 
18-8 
180 
Length 0-9365 m 



Tube No. II. 



19-6 
19-9 
20-0 
20-0 



Wt. at 21-2 
21-6 



» 



gnns. 
12-3140 
12-3132 



188-0 
186-8 
186-5 
186-5 



19-0 
19-05 
19-1 
19-1 
Length 0-6563 m. 



Tube No. III. 



190 
190 
19-1 
19-15 



Wt. at 22-2 
22-3 



39 



gnns. 
. 8-2894 
. 8-2836 



633-5 
6331 
631-7 
631-3 



18-9 



18-8 
18-8 
18-8 
Length 0-5497 m. 
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Rtsiilts. 

KesiBtance of tube No. L 1-00000 
,^ „ No. II. 0-99849 

„ „ No. III. 1-00000 

An approximate table ib BUbjDitied of tiie re^iiitalic^ 6f a iHeti^-gfliiiittic 
of the different metalB in termB of tke B. Ai Uhit, 1864 >^ 

Copper . » 1 i . i 1 1 i * I i I ; i . k 1 . 1 1 > w 1 1 1 k 0*1469 

Silver* i . i . ; » . i . . i . % « i -. 1 1 ^ « t . » . . v » » » 0-188S 

Gold 0-4150 

Gold-silver aUoy 1-668 

Lead 2-257 

Mercury :.;.-. 13*06 

From the foregoing results v^ m^f draw these cpnclusions : — 

That with great care It uiiit may be reproduced with great accuracy by 

any of the metals or allojhs above mentioned. 

Of those tested it appears t^t lead is the most preferable on account of 

its easy purification, and because the presence of impurities^ amounting to 

several per cent., produce no very disproportionate effect on its conducting 

power.* i^or instance— 

Conducting power of lead is . ^ . . . . & i i t % 1 1 » i » ^ ^ . . . 7-77 

Of lead with 12-7 per cent, volume of tin 1* . . i ■. 8-13 

„ 1 0-6 „ „ cadmium ..»..; 8*88 

„ 2-3 „ „ bismuth 7-0 

„ 3-8 „ „ isttitimony 71 

„ 2-3 „ „ silver 7-9 

With the other metals and alloys tested a much greater difference is found 
in the conducting power when sttch impurity exists. 
A few examples will show this. 

The conducting power oi pure copper is * . . 100 

Ot copper with 1-6 per cent, in volume of silver ..»..» 65 

Of silver with 1-2 „ „ gold ..».*. 59 

Pure silver being taken as 100, 

t)f gold with 1-2 per cent, of silver . . . . i . . * 73*8 

The conducting power of pure gold being 78. 

If the conducting i)ower of mercury is 10*9 

That of mercury with 1-18 per cent, volume of lead is . . 11-5 

„ 1-8 h »j tin 11-8 

„ 1-8 „ „ zinc .... 12-4 

„ 0-7 „ „ gold .... 11-6 

99 1*2 „ „ silver . •. 11-6 

The maMpulation with lead is tendered easier by its high resistance. 

Mercury is easily purified, and good results are al\«^ays obtained with 
it. It Vottld, hoWev^r} in reproducing a unit, be necessary to distill the 
mercury, because traces d such impurities as Bilvet ahd gbld. Which tiiay 
easily get into it when ia use in a laboratdty, Cdiinot biS wmtJVed by tffeat- 
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ment with nitric acid. Tho chief labour is in selecting and calibrating tho 
tubes, and this is very great. 

The results obtained with the gold-^silver alloy, even when prepared by 
different persons, supposing great care used, give very accordant results ; 
and for the easiness with which it can be made it may be recommended for 
producing a unit. 

Electrotype copper would appear a good substance. The agreement of 
results obtained with commercial electrotype copper with those obtained 
with copper prepared from pure salts shows this. 

The maximum difference of the conducting powers of electrotype copper, 
as observed with ordinary care, is 1*6 per cent. Copper is not, however, to 
be preferred, as great care and some practice is necessary to draw a good 
wire. 

The purification and drawing of pure gold and silver would, in the hands 
of any one but a chemist, lead to no good results, in all probability. These 
facts being considered, we should prefer lead for the reproduction of a unit* 
No doubt it would, be well to use two or three substances to check the results. 
For these auxiliary substances mercury and the gold-silver alloy may be re- 
commended* The choice between these two will depend on the appliances 
of the individual observer. When thorough care is taken all the above 
means are equally good. 

On forming an opinion on the difficulty of reproducing a unit by chemical 
means it must be remembered that if any thing like accuracy is wished for, 
not only expensive and delicate apparatus is required, but also very much time 
must be spent> and a groat deal of experience in the manipulation is required. 
The experiments here described extended over about six months. Any 
person wishing to reproduce a unit should bear these considerations in mind, 
especially as it is the intention of your Committee to cause coils to be issued 
representing a known resistance. That copies of a given resistance can be 
made to a much greater accuracy than that to be obtained by chemical or 
other known means of reproduction, and that coils can be compared by dif- 
ferent observers with different apparatus to almost any degree of accuracy 
(although this fact has been brought into question by a former experimenter), 
is pwv^ ^^y the following fticts. 

The two units which hav« come into our hands, made by Messrs. Siemens 
and Halske from copies of the coil used last year by your Committee for the 
determination of tlic absolute unit, were compared against the standard coil 
and found to agree with it within two-hundredths per cent. AgaiUj copies of 
Weber's unit, one made of the gold-alver alloy, the other of German silver, 
^ve^e compared at the interval of two years by different observers with dif- 
ferent apparatus, and the results found to agree to on« half a hundreth pe^ 
cent. 

It is fipom the fact that copies can be produced with almost absolute 
nccuracy, wijh a minimum of cost and labour as compared with chemical wr 
mechanical means of reproduction, that we seem quite justified in recom- 
mending all who widti to obtain a standard to procure a copy of the British- 
Association unit, or any other in general use. As copies of the British-Asso- 
ciation unit are being boM at a reasonable price by several of the leading 
instrument makers, which, we are given to understand, will agree tc^ethet 
veiy closely, we confidently recommend the adoption of this unit. 

And, in conclusion, we still adhere to th« opinion, given in Appendix C of 
tho Report of 1862, that the best means of reproducing a unit, for thosfe 
who have not the opportunity ti procuring a copy, and who cannot a^rd the 
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time and expense necessary to reproduce the unit with great care, is to pro- 
cure a given length and weight of the gold-silver alloy, such as shaU. have 
been found equal to the unit adopted (the quantity required being very 
nearly 0*5995 of a metre of a wire, one metre in length of which would 
weigh a gramme) for the British- Association unit. 



FOURTH REPORT— BIRMINGHAM, SEPTEMBER 6, 1865. 

Members op the Comkittee : — Professor Williamson, Professor Wheatstone, 
Professor W. Thomson, Professor Miller, Dr. A. Matthiessen, Mr. 
Pleeming Jenkin, Sir Charles Bright, Professor MaxweU, Mr. C. W. 
Siemens, Mr. Balfour Stewart, Dr. Joule, and Mr. C. F. Varley. 

The Committee has the pleasure of reporting that the object for which they 
were first appointed has now been accomplished. 

The unit of electrical resistance has been chosen and determined by fresh 
experiments ; the standards have been prepared, and copies of these standards 
have been made with the same care as was employed in adjusting the stan- 
dards themselves; seventeen of these copies have been given away, and 
sixteen have been sold. 

The chief work of the Committee this year has been done by Dr. A. Mat- 
thiessen. Last year's Report announced the completion of the experiments 
determining the resistance in absolute measure of a certain coil of German- 
silver wire. Taking this coil as the basis, Dr. Matthiessen, assisted by Mr. C. 
Hockin, prepared ten standards, each expressing the British- Association unit 
of electrical resistance ; two of these standards are coils of platinum wire, 
two are of platinum-silver alloy, two are coils of wire drawn from a gold- 
silver alloy, two are coils of wire drawn from a platinum-iridium alloy, and 
the remaining two are tubes of mercury. 

The wires employed in the coils are from 0*5 millim. to 0*8 millim. dia- 
meter, and range from one to two metres in length. They are insulated with 
white silk, and are wound round a long hollow bobbin of brass. The wires 
are imbedded in solid paraffin, and enclosed in a thin brass case, which allows 
the coils to be plunged in a bath of water by which their temperature may 
be conveniently regulated and observed. Two short copper terminals project 
from the case and are forked at their ends, so that they may be connected 
with the Wheatstone's balance in the manner recommended by Professor W. 
Thomson, avoiding the error due to the possible resistance of connexions. 
The mercury standards consist of two glass tubes about three-quarters of a 
metre in length. 

These ten standards are equal to one another and to the British- Association 
unit, at some temperature stated on the coil or tube, and lying between 14°-5 
and 16°-5 C. 

None of them, when correct, differ more than 0*03 per cent, from their 
value at 15°-5 C. 

In the choice of the material of which the standards are constructed, the 
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Committee have been much assisted by the experiments on permanency made 
by Dr. Matthiessen. 

Silver and copper were found to alter in their resistance simply by age." 
German silver was also found to alter in some cases. 

These materials had therefore to be rejected. Gold appears constant ; but 
owing to its low specific resistance a considerable length would have been 
required, unless a wire had been adopted of very small diameter. This was 
not thought desirable, for several reasons : any slight decay or injury in the 
surface of a small wire would cause much greater alteration in the resistance 
than the same injury to a large wire ; a smaU wire would be more liable to 
mechanical injury, and would be much more rapidly heated by the passage' 
of currents. The Committee having rejected small wires for tiiese reasons, 
thought it unnecessary to incur the expense of a large and thick gold wire. 
The great change of resistance caused by a change of temperature furnished 
another reason for rejecting gold and other pure metals. One pair of 
standards, however, was made of platinum, which appeared the most suitable 
of all the pure metals. Platinum and the three alloys named appear all to 
be very constant — that is to say, their resistance is not altered by age, or 
even by being subjected to considerable heat and recooled. 

These materials also possess considerable mechanical strength; they are 
not easily injured by chemical action, they have considerable specific resist- 
ance, and that resistance, in the case of ike three alloys, changes little with 
a change of temperature. 

It is of course impossible to say with certainty that their resistance will not 
vary with time ; but it is most unlikely that the resistance of all will vaiy in 
the same ratio. If, therefore, as is hoped, the eight coils made of such 
different materials retain their relative values, some confidence may be felt 
in the permanence of the unit. 

Some additional security is given by the power of reproducing the unit, if lost,- 
by chemical means, or by fresh experiments on absolute electro-magnetic mea- 
sure, although neither of these means at present appear to give such perfect 
accuracy as woidd be secured by the permanency of a material standard. Fresh 
absolute experiments of the kind described in previous Reports would hardly re- 
produce the same value much within one part in a thousand; and Dr.Matthies- 
sen, as appears from last year's Report, is not very sanguine of obtaining a better 
result than this by chemical means. Thus a difference exists in Dr. Siemens's 
and Dr. Matthiessen's reproduction of a unit by means of mercury, as 
pointed out in last year's Report. It is of course probable that differences of 
this kind wiU in time disappear ; and Mr. Siemens fairly points out that the 
discrepancy mentioned in last year's Report, between coils made from a very 
old and those made from a new determination of the mercury imit, affords 
no criterion of the accuracy with which mercury can now be used as a means 
of reproduction. Dr. Siemens was the first person who produced numerous 
sets of coils accurately adjusted; and although unable to recommend the 
adoption of his imit of resistance, the Committee once more take an oppor- 
tunity of expressing their sense of the high value of Dr. Siemens's researches 
on the reproduction of units by means of mercury. Dr. Siemens is confident 
that a unit can be and has been reproduced by means of mercury with an 
accuracy of 0*05 per cent. ; but, meanwhile, the chief security for the per- 
manency of the unit consists in the preservation of standards constructed in 
various ways and of various materials. 

The mercury tubes furnish an additional security. A molecular change 
may occur in the wires, that is to say, they may become of harder or softer 
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temper ; they may be injured cbemicaUy in course of time by some aetion on 
their surface ; it is just possible that the repeated passage of our^nta may 
alter them in some way, although we have no reason as yet to expoot such 
an alteration. 

Mercury is free from all these objections. Its temper cannot yary, and as 
it would be purified afresh on each occasion, it will be chemically uninjured* 

On the other hand, some fresh dangers may occur in its use. The tubes 
themselves may alter in time, or the mercury may not always be absolutely 
pure. Absolute security cannot be had; but the choioe of a variety of 
materials will probably prevent any serious alteration from occurring without 
detection. 

The copies which have been issued are similar in form to the standard 
coils $ but the terminals are simple thick copper rods, intended to be dipped 
in mercury cups. The securitjr given by this mode of connexion is sufficient 
for all ordinary purposes, and it was feared that the use of the double termi- 
nals might not be everywhere understood. The platinum«*8ilver alloy ha^ 
been used in all the copies. Wire made of this alloy is very strong and 
ductile. It can, for instance, be drawn do^vn to a diameter of 0*0002 inch. Its 
resistance is not permanently altered even by a great change of temperature, 
and even annealing hardly affects it, Moreoveri the change in its resistance 
due to a variation of 1° Centigrade is at ordinary temperature only 0*032 per 
cent,, being less than that of any other alloy tested. It is also a commercial 
alloy, which has been long used by dentists; and Dr. Matthiessen points out, as 
a curious coincidence, that many commercial alloys coincide with proportions 
indicating peculiar electrical properties. Vide Appendix A. 

The copies of the standard have been supplied for £2 ; 10s. in boxes, with 
small mercury cups for the connexion, and with a printed direction for use 
inside the box, stating the temperature at which that particular coil is equal 
to 1 B.A. unit. 

A satisfactory proof of the accuracy with which these coils have been pre« 
pared was given by four independent observations, by practical electricians 
not belonging to the Committee, of the relative value of four distinct B,A. coils 
and four independent standards issued by Dr. Siemens. 

These four observations gave 10456, 10455, 10456, and 10457 as the 
measures of Siemens's standard, in terms of the B, A. units, proving the accuracy 
both of Dr. Siemens's work and that of the Committee. 

Twenty coils were to be distributed gratis, and seventeen have actually 
been given away to the following recipients i-— 

The Directors of Public Telegraphs in 

Prance. Spain, Prussia. 

Austria. Italy. Sweden and Norway. 

Belgium. Portugal. Russia, 

India. Victoria. 

Queensland. New South Wales. 

Also to Professor Kirchhoff, Dr. Joule, Professor Neumann, and Professor 
Weber. 

Three remain for distribution* Sixteen have been sold. Dr, Faraday, on 
behalf of the Royal Institution, was the first purohaaer. 

In distributing the coils, it was thought best not to give them to institu- 
tions, where they would probably have laid on a shelf useless and unknown, 
but rather to distribute them widely, where they might become available to 
practical electricians. 
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The new unit has heen actually employed to express the tests of the 
Atlantic Telegraph Cable. Mr. Yarley promises that the unit shall in future 
be the baais of the coils used by the Electric and International Company. 

Sir Charles Bright promises that the unit shall be exclusively used by the 
British and Irish Magnetiq Telegraph Company, 

A standard has been supplied to the Royal iQpgineeni at their request, The 
head of the Tel^^raph Pepartment in India has introduced the unit, and 
there is little doubt that the British Colonies generally will adopt it. 

More time will certainly bo required to introduce it on the Continent. The 
French Goyemment has taken no steps to insure its introduction; but 
M. Blavier, the official editor of the ' Annales Telegraphiques,' has promised 
his cordial support to the Comniittee. The Austrian Governn^ent has pro- 
niised to use the ooils experimentally, and the German gentlemen to whom 
coils were given have promised to give their best assistance. 

Coils have also been boiight by the managers of two large telegraphic 
establishments in Switzerland, at Neuchatel and Zurich. There is there** 
fore reason to hope that the unit may pome into extensive i|se. 

When standard galvanometers, Leyde^ jars, and electrometers are issued, 
all forming part of one coherent and necessary system, it is probable that the 
B.A. unit will be found so much more useful than any other as to supplant 
them entirely, Until these further issues take place, it will only be adopted 
either by men who can understand the advantage given by it in calculation, or 
by electnoians who fed confidence in the recommendations of your Committee. 

With a view to experiments which will allow of these farther issues of 
electrical units, a large electrodynamometer has been designed and is nearly 
complete. Graduated JiOyden jarS) with air as the only dielectric, have also 
been designed and are nearly ready for use, An apparatus for the determi- 
nation of the quantity palled v in Appendix C of the 1863 Jleport is }n the 
same condition. Prof. W. Thomson nas for some timQ had ready apparatus 
for absolute mpasurements of electrical effects, but his ponnexiou with the 
Atlantic Cable has suspended his work. Dr, Joule promises fresh measure- 
ments of thei mechanical copiHcient of heat, and has only bpen delayed by 
the want of experiinents which other members of the Committer must pre- 
viously complete. 

In conclusion, the Committee are at last able to report pne positive result^ 
but they feel that much n^pre remains tq be done. 

Appraroix A. — On ihe Construction of the Copies of the B.A. Unit, 
By A. Matthibssbn, F.E.S., and Mr. Cqarlbs !Q!ocxin. 

Thb standard coil used in the experiments at King's College, described in the 
Beport of your Committee for 1864, was put i^to our hands about last 
Christmas, in order that unit-coils representing a resistance equal to ten 
million metres per second in Weber's electro-magnetio system might be madp 
j^om it, 

Since that time several unit-coils have been made and issued. 

We propose to state the method by which these coils were made, and the 
reasons for choosing the particular alloy which has been adopted for the con- 
ductor. The alloy referred to is composed of 66 per cent, of silver and 33 
of platinum. 

This alloy possesses many propertiegf which fit it for the use to which it has 
been put. 

As to its electrical properties :^^ 
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I. It alters less in electrical resistance witli changes of temperature than 
any other known alloy. 

The importance of this point needs hardly to he enforced on any one who 
has used resistance-coils. 

The increment in the resistance of the alloy due to a change of tempera- 
ture from 0° to 100° C. is only 3-2 per cent. 

II. The conducting power of the alloy is very low, and is ahout one half 
that of German silver. 

III. The conductiDg power of the alloy is not altered hy baking, that is 
by exposing it to a temperature of about 100° C. for several days. 

This is a property of great importance, for it has been observed that those 
conductors which do not alter by baking, do not alter by age either. The 
experiments by which this has been established have been published in 
former Eeports. 

lY. The conducting power of a wire of the alloy is little altered by 
annealing. 

Further, the alloy does not oxidize by exposure to the air; it does not readily 
alloy with mercury ; it makes a sufficiently pliable wire, and can be drawn to 
a very great degree of fineness. Dentists have made considerable use of it 
in consequence of its good chemical and mechanical properties *. Of this 
alloy twenty unit-coils have been made and sent to several leading electri- 
cians at home and abroad. The form of bobbin adopted for putting up the 
wire, and shown in Plate lY . fig. 1, has been found very convenient, as it can 
be immersed in water during an observation. The wire is twice coated with 
silk, and protected by being imbedded in solid paraffin. 

Besides the coils already mentioned, ten unit-coils have been made, which 
will be deposited at the Kew Observatory. 

Any one possessing a copy of the B.A. unit may have it compared at any 
future time against one of these coils for a small payment. 

Of the coils to be sent to Kew, two are of the platinum-silver alloy, 
two of the gold-silver alloy, two of a platinum-iridium alloy, and two of 
commercially pure platinum. Two mercury units have also been prepared. 

"With so many coils for reference, made of such different metals, it appears 
quite improbable that the unit now proposed should be lost. 

Along with the above-mentioned coils will be preserved the standard coil 
used in the experiments first referred to, the coil used in the similar experi- 
ments made by your Committee in 1863, and several copies of these coils. 

Of the coil called "June 4th" in the Eeport of your Committee for 1863, two 
German-silver copies have been made. Of the other coil used in 1864, two 
German-silver, two gold-silver, and one platinum-silver copy have been made. 

These coils have twice been recompared together at intervals of three 
months, and will be again compared ; and if they are still found not to have 
altered, they wiU be deposited at the Kew Observatory for reference, their 
values being engraved on them. 

The method adopted to obtain the unit from the standard which had at a 
certain temperature a resistance of 4*6677 B.A. units was this : — 

Coils were made with the following approximate resistances,* viz. : 

Two coils nearly equal to J irnit, called | a and i b. 

„ „ 1 unit, „ la „ lb. 

One coil „ 2 units, „ 2. 

„ . „ 2| units, „ 2J. 

* Messrs. Johnson and Matthey inform us that this alloy has been in use for nearly 
twenty years. 
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The electrical balance used was that described in a paper on the repro- 
duction of a unit by chemical means^ in the Eeport of your Committee for 
1864. 

With this instrament two conductors, diflfering in resistance by not more 
than 3 per cent., could be directly compared, and the ratio found depended on 
to 0-0025 per- cent. 

l^umerous comparisons were made by means of this balance between the 
following sets of coils, viz.: — 

^ a was compared. with | &• 

la. 



la „ 




16. 


la+lh 




2. 


2 + ia 




2i. 


2+2i „ 




standard. 



By taking the mean of several very concordant observations, the value of 
the coil la was found in terms of the standard, and therefore of the unit, to 
a great degree of accuracy ; and from this coil the first platinum-silver unit 
was constructed. 

All the coils to be issued are recompared some weeks after they are made, 
and rejected if they are found to have altered in resistance by 0*01 per cent. 

All the coils sent out are correct at the temperature written on them to 
within 0*01 per cent., and this temperature lies between 14*5 and 16*5 in all 
cases. 



FIFTH KEPOET— DUNDEE, SEPTEMBER 4, 1867. 

ijfTgMTngTtfl OP THE Committee : — Professor Williamson, Professor Sir C. Wheat- 
stone, Professor Sir W. Thomson, Professor Miller, Dr. A. Matthiessen, 
Mr. Fleeming Jenkin, Sir Charles Bright, Professor Maxwell, Mr. C; 
W. Siemens, Mr. Balfour Stewart, Mr. C. E. Yarley, Professor G. C. 
Foster, Mr. Latimer Clark, Mr. D. Forbes, Mr. Charles Hockin, and 
Dr. Joule. 

The Committee have much pleasure in reporting that during the past year 
considerable progress has been made, and that the principal instruments 
required by the Committee for experiments have been completed and are 
in use. 

Experiments have been conducted by Dr. Joule, having for their object 
the determination of the mechanical equivalent of heat, by observing the 
heat generated in part of a voltaic circuit, the resistance of which was 
measured in absolute units by means of the standard of resistance issued by 
the Committee. 

Last year preliminary experiments of this kind had been made by Dr. 
Joule, and the agreement which he then reported between his mechani- 
cal equivalent obtained by friction al experiments and that obtained by the 
electrical method was so close as to lead to a suspicion that it was partly 
fortuitous. 
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The experlmonts, which have thia yoar heoa co^^uotod with every jwg- 
sihle care, give 783 as the valae derived from the B.A. standard of ^resist^ 
ance, while 772 is the well-known number derived from friction. 

The details of the experiments are contained in an Appendii^ which aoeom- 
paniea this Beport. Dr. Joule states his opinion that the electrical n^ethod 
has been carried out with greater accuracy than the frictipnal n^ethod, 
assuming the B.A. standard to be an exact decim^ multiple of the absolute 
unit. The following extract from Dr. Joule's Report vnil show the labor- 
rious nature of the experiments. He says, " The last and most perfect series 
of experiments comprise thirty for the thermal effect of currents in the 
spiral, thirty, for the effect of radiation <&c., and thirty for the horizontal 
intensity of the earth's magnetism." Dr. Joule expresses himself willing 
to make a new determination by friction. Meanwhile the experiments 
already completed remove all fear of any serious error, either in the number 
hitherto used as "Joule's equivalent" or in the B.A. standard — a fear which 
hitherto, remembering the very discrepant results obtained by others, has 
been very naturally entertained even by the Subcommittee froip. whose 
experiments the standard was constructed, 

In connexion with the measurement of resistances, Mr. C, W, Siemens 
has invented a simple and excellent contrivance, by which the measurement 
of resistances can be made by persons wholly unaccustomed to electrical 
experiments. They have only, after the necessary connections are made, to 
turn a screw till a needle stands opposite a fiducial inark, when the resist- 
ance required may be read directly on a scale with considerable accuracy. 
Mr. Siemens proposes to apply this invention to pyrometers, where the 
resistance read wiU indicate the temperature, and the only electrical con- 
nexions required will be joining of the battery wires to two terminals. 
Other applications of this invention will doubtless arise, and extend the 
practical application of electrical measurements. A full description of the 
instrument is contained in the Appendix. Mr. Siemens reports very favour- 
ably of this instrument, which possesses considerable advantage in cheap- 
ness and portability. Mr. Siemens has constructed the instrument, and made 
the experiments entirely at his own expense. 

An instrument similar in object, and su|:{;ested by th§ ^i^Y&f '1^ also 
described by Mr. Jenkin in an Appendix, 

Mr. Hockin has tested the constancy of the standard resistancerunits, with 
satisfactory results, except in the pase of one mercury tube. The exact 
result of Mr. Hockin's comparisons are appended. He suggests that lead- 
glass Was used for the mercury tube, and that the glass may consequently 
have been injured by the nitric acid used to dean it. 

Mr. Hockin has also made interesting experiment^ on the construction pf 
large resistances by the use of selenium. He finds that resistances of one 
million units and upwards can be made of this material, and that these 
artificial resistances maintain a sensibly constant resistance at high tempera- 
tures, such as 100^ C. It is hoped that these very high artificial resi^tances 
will be found useful in practice and much superior to thpse hitherto eon^ 
structed of gutta peroha or other insulators, which were of eompa^aUvely 
little use in accurate work, owing to absorption, change of resistance with 
temperature, and inconstancy when kept for any considerable time. These 
valuable experiments have not caused any expense to the Association. 

The determination of a ujiit of capacity has occupied Dr, Matthiessen, Mr. 
Hockin, Mr. Foster, and Mr, Jenkin during the last two years. 

Yery considerable difficulties have been encountered, and are not yet wholly 
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OTQirocttiio, TUe methods by whioh both the eleotrostatlo mi electromagnetio 
umta oan be determined, and multiplea or submultiplea prepared, are 8uiB« 
ciently simple in theory ; but they assume that the condensers or Leyden 
jars compared have really a definite oapaoity, and that with a given electro-* 
motive foroe between the induction surfi^ces i^ definite quantity of eleo« 
tricity will be contained in the jar or condenser. This is very far from true 
with condensers of ordinary form. Whether the dielectric separating tho 
plates be glass, mica, gutta percha, paraffin, ebonite, or any other known 
solid insulator, an absorption of electricity takes place j tho longer the plates 
are charged, the more electricity the oondenser will contain, and, conversely, 
it will continue to discharge itself for a very long period after the inner and 
outer armatures have been joined, "With some of the best insulators the 
effect will continue for hours, if not for days. Condensers made with these 
solid dielectrics have therefore no definite measurable capacity. This capa-^ 
city will differ according to the time during which they have been charged } 
and it may also vary with extreme variation in the electromotive forces em** 
ployed, although this latter change has not been detected when the differ-* 
enoes of potential are such as between one BanieU's cell and two hundred. 

Only gaseous dielectrics appear free from this embarrassing peculiarity, called 
absorption, polariflation, or residual charge. One object of the Subcommittee 
has therefore been to construct condensers in which air alone separates the 
induction-plates. But new difficulties arose in carrying this idea into practice, 
gome support for each plate was necessary, and then leakage oecurrpd from 
one plate to another over tho surface of any small insulating supports em- 
ployed, such as glass balls or vulcanite stems. Jt was possible, by great 
care in drying the air, occasionally to make condensers of this type, which 
would remain Insulated for a short time, or oven for some months ; but long 
experience has shown that an artificially dried atmosphere cannot be con-> 
Ycniently maintained in any instrument which is not hermetically sealed. 

Dust also accumulated between the plates of the trial condensers ; this 
altered their capacity and increased the leakage from plate to plate. Even 
a single filament of dust, by springing up and down between the two elec^ 
trified surfaces, would occasionally bring them to the same potential with 
great rapidity, neutralizing the charge ; moreover a condenser of this type 
could not be taken to pieces and cleaned, for no mechanical contrivances 
could ensure that the parts after cleaning would return to their original 
position so exactiy as to constitute a condenser of the same capacity before 
and after the cleaning. It is therefore clear that an air-condenser can only 
be constructed in an hermetically sealed case, containing an artificially dried 
atmosphere ; and even with these conditions, excluding the graduated and 
B^ustable condensers which were first tried, the air-condenser is not easily 
constructed. For large capacities, which are alone useful in connexion 
with practical telegraphy, the plates require to be so numerous and large 
as to make the expense great and the bulk very inconvenient. 

It is hoped by the use of tin plates soldered to metal rods, and supported 
on insulated stems inside a soldered metal case, that these objections may be 
partly avoided ; but meanwhile practical men have introduced condensers of 
a more convenient form, overlooking the disadvantage which they all possess 
of ill-defined capacity. 

These condensers consist of sheets of tinfoil separated by paraffin and 
paper, a preparation of gutta percha, or mica — three plans adopted bj- Mr. 
Varley, Mr. WiUoughby Smith, and Mr. Latimer Clark respectively. 

Condensers of this type have been m^^e approximately equal to a knot 
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of some submarine cable ; and the rough units thus introduced are gradually 
creeping into use, although all electricians have been anxious that the Com- 
mittee should issue a more scientific standard. Under these circumstances, 
Mr. Jenkin has adjusted a mica-condenser, approximately equal to 10"'* 
absolute electromagnetic units. The capacity of this condenser is assumed 
as that which it possesses aft^r electrification for one minute, and is mea- 
sured by the discharge through a galvanometer, in the manner usually prac- 
tised when testing the charge of a submarine cable. The formula for obtain- 
ing the measurement in absolute units from the throw of the needle is very 
simple, requiring only observations of the time of oscillation, of a resistance 
in absolute measure, and of a deflection of the galvanometer-needle. All 
of these observations can readily be made^ so that their accumulated error 
cannot exceed one per cent. ; and for the present purpose this accuracy is 
sufficient, inasmuch as, when using the condenser, small variations inevitably 
occur, arising from the residual discharge. While, therefore, the new pro- 
visional unit of capacity has lio claim to a high scientific accuracy, it will 
supply a practical want and introduce a unit based on tho principles 
adopted by the Committee, in place of the random measures supplied by a 
knot of Persian-Gulf or Atlantic cable. 

No decision has yet been arrived at whether the new unit shall be issued 
by the Committee or on Mr. Jenkin's own responsibility, nor has the price 
been fixed. 

The experiments by which it has been obtained are given in an Appendix. 

The practical applications of the standard of capacity are important. It 
will allow the capacity of submarine cables to be universally expressed in 
comparable figures, and may lead to improvement by the diminution of the 
specific inductive capacity of the insulator, precisely as the introduction of 
units of resistance has assisted the improvement in insulation and conduc- 
tivity. 

The electromagnetic capacity standard will also, by comparison with the 
electrostatic standard about to be made, furnish one mode of determining 
the constant called v in previous Keports, a number of much importance in 
the theory of electricity. 

The next unit or standard for consideration is that of the difierence of 
potentials or electromotive force in absolute measure, concerning which the 
experiments have been wholly in Sir William Thomson's hands. He reports 
that he has at last succeeded in constructing a series of electrometers 
capable of measuring differences of potential ranging from -A^ of a Daniell's 
cell up to 100,000 cells, and that these measurements can all be reduced to 
absolute units by comparison with one instrument of the series. 

This class of instruments has been created by Sir William Thomson, who 
year by year has produced electrometers each surpassing its predecessor, both 
in accuracy and delicacy ; but although those who have had practical ex- 
perience of the admirable results obtained by these have for the last two or 
three years believed that the limit of excellence has been reached, Sir William 
Thomson has not ceased to invent better and simpler forms, until the instru- 
ments now supplied surpass every expectation of practical electricians and 
furnish, indeed, a new engine for electrical research. 

The chief difficulties encountered have been the insulation of the Leyden 
jar, which has formed an essential part of all the contrivances, its main- 
tenance at a constant potential, and the reduction to absolute measurement. 
In the present instrument absolutely perfect insulation is no longer required ; 
for by a new device for converting mechanical force into statical eloctricity 
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(first oonstracted by Mr. Yarley in 1859) Sir Williain Thomson is able at any 
moment to replenish the jar by a few tarns of a handle, and, by a gauge 
electromet'er^ he can insure that the same charge is constantly maintained 
in the instrument. The difficulty of the reduction to absolute units consists 
in the difficulty of comparing the extremely small forces produced by electro- 
static attraction with the force of gravitation, and in the accurate measure- 
ment of the extremely small distances which separate the attracting surfeices. 
Sir William Thomson reports that these difficulties have been overcome in his 
opinion, and that he will be shortly in a position to construct and issue a 
simple pattern of an absolute electrometer or gauge of potential which will 
serve as a standard for general use. 

Further experiments and tests are, however, required before this can be 
done^ as any precipitation would only injure the interests of the Committee. 
It is right here to mention that the above experiments have been carried out 
almost entirely at the expense of Sir William Thomson. 

The replenisher, which is founded on the principle of the electrophorus, 
may very possibly supersede the old form of electrical machine entirely ; it 
has some analogy with the electromagnetic machines lately invented by 
Mr. C. W. Siemens and Professor Wheatstone, by which intense dynamic 
effects are evolved from the smallest initial trace of magnetism by the con- 
version of mechanical force intx) electric currents, and was, indeed, suggested 
by this invention to Sir William Thomson, who reinvented the plan patented 
by Mr. Varley*. 

A modification of the same contrivance will allow the comparison of .ex- 
tremely minute quantities of electricity, such, indeed, as might be accumulated 
on a pin's head ; by a series of rapid inductions a charge is accumulated on 
the electrode of an electrometer, which may be made equal in potential to 
that on the pin's head, but infinitely exceeding it in quantity; the effect of 
this charge in the electrometer can then be observed without difficxdty, and 
any increase or diminution in the quantity of electricity on the pin's head 
or proof plane can be detected and the rate of loss or increase observed. 
The potentials to which various small bodies are charged can also be observed 
by the same method, the advantage of which consists in the fact that the 
original charge on the body tested is undisturbed by the test, whereas by 
any of the older tests the charge was altered by being touched by a proof 
plane or by the electrode of the electrometer. 

A similar plan has already been proposed by Mr. Yarley and Sir William 
Thomson, with a water- dropping arrangement, but the mechanical contrivance 
is in all ways preferable. I^o expense has been incurred by the Committee 
for these instruments or experiments. 

Passing to the unit of current, the Committee regret that ho experiments 
have yet been made with the large absolute electrodynamometer constructed 
with the funds granted by the Royal Society. Much difficulty has been 
experienced in finding a sufficiently solid foundation in London, and probably 
the instruments must be moved into the country for accurate use. 

A portable electrodynamometer has been constructed which will be suit- 
able for distribution as a standard instrument. It can be compared with the 
large absolute instrument, and can also be compared directly with the most 
sensitive astatic galvanometers yet made, as has been already proved by 
experiment. These instruments cannot be distributed until further expe- 
riments on their constancy have been made. 

* A similar plan was proposed by Mr, Nicholson in 1785 {vide Phil, Trans.), 
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Sir William I'liomson, at his own expense, has also constructed an electro- 
dynamometer for absolute measure. His results will check those obtained in 
London, and the portable standard will also be tested by being sent backwards 
and forwards between Glasgow and London, to be compared alternately with 
the absolute instruments. 

The determination of " v,*' the ratio between the electrostatic and electro- 
magnetic units, is also an object pursued by the Committee. Sir William 
Thomson has made preliminary experiments, and has obtained numbers for 
this constant by the aid of the absolute electrodynamometer and the absolute 
electrometer afready named. The number he has obtained diflfers so consider- 
ably from that hitherto received that he prefers to extend his experfments 
before publication. The same remark applies to the medsurement of the 
electromotive force of a Daniell's cell made by the absolutis electrometer. 

It is hoped that the present lleport containfl satisfactory evidence that valu- 
able work is being done by the Committee, and that the sums of money 
liberally granted by the Association have been expended on proper objects. 

It will be seen that these grants have stimulated further expenditure on 
the part of more than one member ; and thanks are also due to the Electric 
and International Telegraph Company, for the liberality with which they 
have lent large batteries, thereby saving much expense. The Committee are 
willing to be reappointed, and require no grant of money for the ensuing year. 

APPENDIX. 

I. (hi a ^'Remianee-Meaiittef/* By C. W. BifiMJsKs, P.R.IS. 

¥on the measurement of small resistances the method fbrmerly employed 
was that of the tangent galvanometer, which method is still Valuable in the 
determination of resistances which are inseparable from a difference of electric 
potential, such, for instance, as a galvanic element. 

tn measuring wire-resistance more accurate and convenient methods hate 
been devised, amongBt which that of the common differential g&lvanometer 
aud that known as Wheatstone's balance hold the most prominent places. 

But both thede systems have disadvantages which render them insufficient 
in a great many cases. For instance, in the first method a well-adjusted 
variabie-resistance-coil is necessary, which, if the method is intended to be 
applicable between wide limits, will have impracticable large dimensions. 
The bridge method, though vety beautifhl, requires three adjusted coils, and 
frequently gives rise to calculations which renders it Unavailable for un- 
skilled operators. The sine method, Which is the most suitable for measuring 
great resistances, requires even a superior amount of skill and mathematical 
knowledge on the part of the operator. 

Many years' experience of these methods made me feel the Want of an in- 
strument which would, by its simplicity of construction and ease of manipu- 
lation, be capable of employment by an unskilled operator with a degree of 
exactness equal to that of the bridge method. 

The conditions upon which such an instrument eonld be successM appeared 
to be the following: — 

1. The employment of a gero metkod^ by whteh the galvanometer^needle 
should always be brought to the direction of the magnetic meridian or the 
same given point upon the scale, and therefore be independent of the unknown 
function of the angle of deflection. 
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2. The readings to be made upon a simple lineal measure divided into equal 
parts signifying equal units of resistancei 

3. The employlnent of a single and unaltei*able comparison-resistance. 
The apparatus constructed to fulfil these conditions is represented by the 

following diagtam : — 




!two equal and parallel hehces, A and li, iare fixed upon the common 
slide * «*, which moves in the direction of its length between guide rollers. 
This motion is efi'ected by the end e\ armed by a facing of agate, which 
presses against the face of the metal curve e c'. The latter is fixed upon a 
slide moving in a groove in the rule d d\ at right angles in the direction d d\ 
by means of a mOlcd head t, oh the axis of which is a pinion gearing into a 
rack underneath the straight edge of the curve c c'. The rule d dH is graduated 
in equal parts ; and opposite to the divisions is a nonius up the straight edge 
and the curve, to divide each degree Into ten parts. Whenever the milled 
head t^, therefore, is turned, the position of the curve is altered; and as the 
point 5* of the bobbin-slide is pressed against it by means of a spring, the 
bobbin follows it in all its movements. 

The wires of the two bobbins are connected together^ in the co&imon point 
a, with the pole of a galvanic battery «, the other pole being connected with 
two resistances r, and through these with the remaining end of the galvano- 
ineter-helices. The resistance r is made constant, and adjusted sb that wheh 
ir=0 the index of the curve stands exactly opposite the zero of the graduated 
scale d c?, the unknown resistance being represented by x. 

It is evident that, the resistance in the bobbins being equal, a.6 also theii* 
dimtsnsions and inttid magnetic e^cts upon the needle suspended between 
them, if wtB make the tesistance x equal to )*, the current in the two branches 
will bfe equal, and the toagnet-needle theriefore balanced between them only 
when thn helices ore equally distant from it. Should, however, either of these 
resistances preponderate, the strength of current in that branch will be les- 
sened s and in t»*der to reestablish the balance it will be necessary to shift tlie 
bobbini) ap^roadiing the one In which Uie weaker eui^rent is circulating towards 
the suspended magnet. 
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The insirament is erected upon a horizontal metal table standing upon 
three levelling-screws. The bobbin, the suspended magnet, and dial plate for 
observing the zero of the pointer are contained in a glass case, supported by 
four brass pillars. The instrument is supplied with terminals for the battery- 
connexions, and a current-breaker for interrupting the battery-circuit. Oppo- 
site to these are four terminal screws for receiving the ends of the resistances 
r and .r, with contact-plugs between them, in order to quickly establish a 
short circuit in case the operator should be in doubt towards which side he 
has to move the adjusting-curve. Two constant resistances accompany the 
apparatus r — that which is used during the measurement, and a, a resistance 
of known value, which is introduced between the terminals x in order to 
enable the operator for his own security to make a control measurement by 
which he may verify the accuracy of the instrument at any time. Another 
purpose of this resistance is to facilitate the readjustment of the zero-point, in 
case the galvanometer should at any time be cleaned or a new silk-fibre put in. 

In constructing the sliding curve of this instrument, it might be determined 
by calculation from the formula given by Weber for the deflection produced by 
a circular current of known magnitude upon a magnetic point, and from the 
given distance of the coils from each other. I prefer, however, in practice to 
determine the curve of eaich separate apparatus empirically, because it is not 
possible to coil a helix mathematically true, or to set it when coiled absolutely 
at right angles to the plane of its horizontal motion. 

In the determination of each curve I use a delicately adjusted rheostat or 
SQale of resistances in the circuit of x, giving it varying values corresponding 
to the equal divisions of the engraved scale, and constructing the curve accord- 
ing to the position which it is found necessary to g^ve to the point »' in order 
to arrive at the magnetic balance. With each instrument it would be possible 
to have two values of r — one expressed in mercury and the other in B. A. units ; 
and in order to measure at pleasure in either of these units, it would only be 
necessary to insert the one or other between the terminal screws for r. 

The instrument has been found to be very convenient for the measurement 
of the wire-resistances of overland lines, or for the reading of resistance-ther- 
mometers ; it reduces the operation and the observation of the zero position of 
a needle, and the reading upon a graduated scale, which can be performed by 
a person of ordinary intelligence without experience in electrical measurement. 
In accuracy and range it equals the bridge method, while as regards portability 
and cheapness of apparatus the advantages are decidedly in its favour *, 

II. On a Modification of Siemens^ s Besistance-Meamrei; 
By Fleeming Jenkin, F.B.S. 

The following method of measuring resistances was suggested to Mr. Jenkin 
by the above invention of Mr. Siemens : — 

Let t^o tangent galvanometer- coils of equal magnetic moment be fixed 
together at right angles, with a short magnet hung in their centre, having" 
a long light index pointing at a fiducial mark when the needle is in the 
magnetic meridian. Let the battery and coils be so joined that the current 
shall divide iu the ratio of the resistances in the two coils, and shall pass in 
such a direction as to tend to turn the needle in opposite directions. 

* I have lately constructed the same instrument on this principle with a circular instead 
of a straight sliding-piece, which gives the advantage of a longer graduated scale in the 
form of a circle. The circular sliding curve is adjusted hy radiid set screws in a solid ring 
working in a V-groove round the galvanometer. 



145 



Let one coil with a resistance R at the beginning of the experiment stand 
in the magnetic meridian, and the other coil with a resistance R^ in a plane 
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The dotted lines show the position of the coils when the cnnent is passing. 

perpendicular to the meridian ; and when the current is passing in such a 
direction that R tends to turn N S in the direction of the arrow, let the coils 
be turned till the needle is again brought to the fiducial point and the coil R^ 
makes an angle with the magnetic meridian, then we have R = tan ^ R^ ; 
for the force exerted by the coil R^ to deflect the needle in the direction of 
the arrow will then equal m sin ^ ; the force exerted by the coil R^ to deflect 
the needle in the opposite direction will be m^ cos ^ ; and we have m sin 

0=«»^ cos ^, or — *s=tan ^, where m and m^ are the couples experienced by 
the magnet under the action of the two coils ; but as we have supposed these 
coils to have equal magnetic moments with equal currents, — ^sssjr-, there- 
fore R=tan ^ R^. R and R^ need not be the resistances of the galvano- 
meter-coils only, but may consist of two parts, G -f ^ and Gj + rj, where 
G and G, are the resistances of the galvanometer-coils, but t and r^ are 
added resistances. Thus when G G^ and r are known, t^ can be obtained by 
a simple observation. 

If G + r be one, one hundred, or one thousand units, the resistance of r^ 
will be equal to the tangent of 0, or to one hundred or one thousand times 
that tangent respectively minus in each case a constant = G^. 

If the range of the instrument were not required to be very great, the coils 
would be turned by the pushing of a straight slide, equal divisions on which 
would correspond to equcd increments of the tangent of 0, and the sQale would 
be numbered, so that the resistance r^ should be read off directly, as in 
Mr. Biemens's instrument. 

The tangent coils should be made of German-silver wire, and might be 
arranged as practised by Helmholtz and Gaugain. Theoretically, the range 
of each instrument would be infinite, L e, any instrument would be capable 
of measuring an infinitely small or infinitely large resistance ; but clearly the 
resistance of G -f r should be so arranged in each case that the angle ob- 
served was not very different from 46°. The range of the instrument may 
be further increased by the use of elements. 

L 
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III. Com^rison of B.A, Units to he deposited at Kew Observatory. 

By C. HoGKiir. 

The following Table Bhows the value of the different copies of the B.A. 
units that have been made for preservation at Kew : — 



Material of coil. 



Platinum-iridium alloy. . . 



Platinum-iridium alloy. . . 



No. of 
coil. 



Date of observation. 



Gold-silver alloy 
Gold-silver alloy 



Plati&atn 



Platinam 



Platinum-Bilvei* alloy . . . 

♦Mercury 

Mercury 

Mercury.. 



10 

58 

35 

36 

43 

I. 

II. 
III. 



January 4, 1865 

June 6, 1865 

February 10, 1867 

January 4, 1865 

June 6, 1865 

February 10, 1867 

J January 5, 1865 

' February 10, 1867 

April 10, 1865 

June 6, 1865 

February 10, 1867 

' January 7, 1866 

• August 18, 1866 
February 10, 1867 
January 7, 1865 

- August 18,1866 

February 10, 1867 

' Februaryl5, 1866 

• March 9, 1865 
FebruaryllO, 1867 
February % 1865 
July 18, 1866 
February 11, 1867 
February 3, 1865 
August 18, 1866 
Februaryll, 1866 
Februaryll, 1867 



Tempera- 






tures at 






which coil 
has a resist- 


Observer. 




ance =10^-- 






15% C. 


C.H. 


160 


A.M. 




16-0 


C.H, 




15-3 


C.H. 




15-8 


A. M. 




15-8 


C.H. 




15-6 


A.M. 




15-6 


C.H. 




15-3 


A.M. 




15-3 


A.M. 




15-3 


C.H. 




15-7 


C.H. 




15'7 


A.M. 




15-7 


C.H. 




15-5 


C.H. 




15-5 


A. M. 




16-7 


C.H. 




15-2 


C.H. 




152 


A.M. 




15-2 


C.H, 




160 


A. M« 




160 


A.M. 




16-7 


CIJ. 




14-8 


A.M. 




14-8 


A.M. 


* 


14-8 


C.H. 




17-9 


C.H. 





* The alteration of this coil, observed on February 11, 1867, is due, no doubt, to a defect 
observed in the glass tube. 

The tube was of lead-glass. Perhaps the strong nitric acid used to clean the lube 
Attacked the glass. A new mercury unit (No. III.) was made in consequence of this 
defect. 

The apparent alteration in the platinum-iridium coils from the first value found, I believe 
to be owing to a clerical error. liTo alteration has been observed in them since the second 
observation made by Dr. Matthiessen in June 1865. 

The values given in the above Table are deduced from the German-silver coil called B, 
used in your Committee's experiments in 1664. This coil was found (by comparison -with 
copies made, in 1864, of gold-silver, German*silver, and platinum-silver) not to have altered. 
The coil B was also compared with the coil (June 4) used in 1863, and the ratio of the 
two coils was found not to have altered. 



IV. Eocperivnenis on Capndiy. Sy Plkemikg Jenkik, F.RjS, 

The cupacity of a oondenBer made of mica and tinfoil was adjusted so as 
to be approximately equal to 10^^^ electromagnetic absolute units, according 
to the following experiments. The capacity of any condenser can be directly 
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measured in absolute measure by the following formula, applying to the effect 
of a single disohai^^ from the condenser through a galvanometer : — 

g_o fBin|t 

(vide Report, 1863, Appendix C, p. 144 ; $uprd, p. 74), where R^ is the resistance 
of a circuit in which the electromotiye force used to charge the condenser 
would produce the unit deflection, while t is the angle to which the needle is 
observed to swing £rom a position of rest, and^s half the period or time of a f" 
complete oscillation of the needle of the galvanometer under the influence of 
terrestrial magnetism alone. 

This formula, which is analogous to that for any ballistic pendidum acted 
upon by a known impulse, supposes that the whole impulse is given in a time 
very short as compared with t, and it also supposes that the deflection i is 
unimpeded by friction. 

I employed a Thomson's astatic reflecting galvanometer with double coils 
of German-silver wire. The oscillations, with the usual mirror and magnet, 
subside so rapidly that t cannot be measured with accuracy, and i is very 
sensibly aflected by the resistance of the air ; to obviate this I attached a 
brass ball to the lower magnet of the galvanometer, weighing 55 grains *. 

A single floss-silk fibre can just support this weight, under which it con* 

tinues to stretch sensibly for about three days. In order that the discharge 

from the condenser, electrified by from 20 to 30 cells, should have force to move 

this heavy ball through a sensible angle, the galvanometer was made highly 

astatic; and then I found that with even a single cocoon fibre the needle did 

not return to zero within three or four divisions of the scale for some 

minutes, exhibiting a kind of viscosity. The floss-silk fibre, though much 

weaker, gave a very constant zero. The value of t with the weighted 

needle seldom differed much from 20 seconds, and the times could be observed 

for 10 or 11 minutes, during which time i was found to remain sensibly 

constant. As there was no difficulty in observing the times of oscillation 

within one second, it may be said that the observed value oft Waj( correct 

within one part in 500. Greater accuracy was not required, as the possible 

error from other sources considerably exceeds this. Twenty DanieU's cells 

were used to charge the condenser, and the discharge observed was about 

180 divisions; but the observations were recorded within a quarter of a 

division: as this is done by estimating the position of the reflected spot 

stationary between the two black lines of the scale for an almost insensible 

time, it would not be right to assume that the deflection i is observed with 

greater accuracy than one part in 400. When the spot of light returned 

after making one complete oscillation, the diminution in the deflection was 

from 10 to 12 divisions ; one quarter of this amount was therefore added as 

correction in each case to the deflection observed. The resistance of the 

whole circuit was composed of the battery resistance, that of German-silver 

resistance- coils, and of the German-silver coils in the galvanometer; no 

considerable variation could therefore occur except in the battery, which 

formed only a small portion of the total resistance. The coils (adjusted by 

'Mt. Hockin) are probably correct within one part in a thousand, and the 

measurement of the galvanometer-coils is equally well known. 

Prom what has been said, it might be expected that the capacity of any 
condenser could be obtained with an accuracy of one part in 400 or 500 at 

* The ball, tw© magnets, mirrop, and connecting bar, forming the whole suspended 
eystem, weighed 57^ grains, 

I. 2 
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least ; but saccesdive discharges were occasionally found to differ by as muck 
as two divisionsy though this amount of discrepancy was rare. It was due 
partly to the residual effect of former charges in the condenser (though great 
care was taken to avoid this), partly, it is believed, to slight changes in the 
electromotive force of the battery (which was not in very good order, the 
dischai^es being generally less toward the end of a set of experiments), and 
partly to slight motion of the needle at the moment of taking the discharge. 
This last source of error made it impossible to make the observations in 
London ; even in the country the needle was seldom, if ever, absolutely still, 
though the osciUations were generally less than one division. The variation 
of the electromotive force and resistance of the battery when taking a per- 
manent deflection was another source of error. Owing to the great inertia 
of the swinging parts, no observation could be taken until the current had 
been flowing for at least a minute, and often more; and, especially when small 
resistances were used, the deflections visibly diminished with time. Owing to 
all these causes, I do not depend on the results obtained as certainly accurate 
within less than one per cent. This is the less to be regretted, as the capacity 
of a mica condenser is very ill defined within wide limits, owing to absorption. 
The condenser used consisted of 38 plates of mica, about 0*003 in. thick, and 
having a circular piece of tinfoil 3 in. in diameter cemented to each side of the 
mica, with a piece of each tinfoil projecting beyond the mica so as to join all 
the upper tinfoils and all the lower tinfoils together, and form the inner and 
outer armature of the condensers. This plan has for some time been practised 
by Mr. Latimer Clark and makes a very constant and well-insulated condenser, 
extremely easy to adjust roughly by altering the number of the mica plates, and 
for small corrections by cutting away portions of the tinfoil from the top plate. 
Mica, like all other solid dielectrics with which I am acquainted, apparently 
absorbs electricity to a very large extent, and continues to do so for a long 
time, discharging it at first rapidly, but at the last very slowly indeed, so that 
a complete discharge is not effected for hours. The total capacity of the con- 
denser varies therefore as the time varies during which it is charged, and the 
apparent discharge varies with the time during which we measure it ; for 
instance, if we merely observe the discharge due to a momentary contact, 
we shall obtain a different result from that given when we maintain the 
contact all the time the needle is swinging ; the result wiU also vary in the 
latter case with the time of oscillation of the galvanometer-needle. If the 
needle oscillates slowly, it will be acted upon by a greater quantity of elec- 
tricity than if oscillating rapidly. Thus, in one experiment, the deflection, 
when the discharging contactwas permanently maintained, was 166 divisions; 
when a momentary contact was made by a blow it was only 156. "When 
the contact was made for about 1*7 second the deflection was 161, and when 
the contact was maintained for 3*4 seconds the deflection was 164; the 
maximum deflection of 166 was reached after 5 seconds: these experiments 
show that when the needle had travelled two thirds of its maximum 
distance, the current being discharged exercised a very sensible influence on 
the deflection. The ballistic formula is therefore not strictly applicable to a 
case of this kind, and a different result would be obtained with a galvano- 
meter oscillating either more or less quickly than the one I used. It seemed 
therefore unnecessary to take great precautions or to aim at any high degree 
of accuracy ; and my object has simply been to provide a unit for cable-testing 
which shall be approximately equal to the ideal standard chosen by the Com- 
mittee, and which can be used with at least as great accuracy as those copies 
of knots of Atlantic or Persian-Gulf cables hitherto used. 
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The valne of B^ in the formula given at the commencement, was fonnd 
by two methods, which we will call the indirect and direct method. In 
the indirect method three sets of resistance-coils (a, b, c) were arranged 
as in fig. 1, with a battery^ B^ a galvanometer, G, and a shunt, Z, equal 

Fig. 1. Fig. 2. 

& G 





in resistance to -j^ of the galvanometer-coils. The resistance c was made 
equal to 1000 umts, sind the resistances a and h adjusted until a convenient 
deflection was obtained on the galvanometer; the resistance a was next 
changed to a^, and 6 was then altered to 6^, so as to give the same deflection 
as before on the galvanometer G. Then calling d the deflection observed, G 
the resistance of the galvanometer, we have 

B,=«ci I («._«)(i±£±J«)iy±±iG)-c 1 , 

a formula for which the resistance of the battery need not be calculated 
(n=1000). 

The second or direct method of obtainiug R was, first, to calculate the resis- 
tance of the battery B by the following formula (fig. 2) : — h and / are variable 
resistances; g the resistance of the shunted galvanometer, = 47*2 in my ex- 
periments ; break the circuit at /, and adjust ^ till a convenient reading 
is obtained ; then join /, as shown in the sketch, and adjust / and A until the 
same deflei^tion is obtained as before ; then, calling \ the last resistance at ^, 
we have 

B=/^. 

Secondly, a direct deflection d was obtained with a resistance Ic in circuit ; 
then Rj=n<? (Ar-f Bh-^), 

The following is a record of the experiments made in chronological 
order : — 

• September 22^ Discharge, — Yalues of i after charging for one minute 
with 20 cells : — 

1. 2. 3. 4. 5. Mean. 

167 167 166 166 165 166 

Adding 2*5 to compensate for portion of air, i= 168*5; and the angle being 
very small, sin J i= 84*25. 

Test for insulation ; discharge after one minute's insulation 154, 
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Timei, — First four osoillatioiis, the spot crossed the oentral point in the 
same direction at 

0'35", 0'65", I'UJ", 1'33"; 
last four oscillations, 

9' 13", 9' 32", 10' 10", 10' 29". 
Total number of oscillations 31. Mean yalue of 2«= 19' 15". 
Valiie of iJj, Indirect method : — 

a, a,. h, 5j. c, d. Kj^, Ohms. 

1 8000 10000 1000 649 1000 275 J 617 xl(^ 

2 GOOO 8000 1000 575 1000 354| 517 „ 

3 8000 10000 1000 647 1000 274^ 5*12 „ 

4 6000 8000 1000 574 1000 a55l 518 „ 

Mean value of E^ in absolute measure 5-16 x 10^^ Value of S, 99-53 x 10"^. 
Value of i2j. Direct method. Battery resistance : — 
f, h. A,. c. ' B. 

1 2 18700 30 47 4841 ,.^^„ ,„^ ^tjiAs^ 

2 10 18000 800 47 492 j ^®*^ ^^^^^ ^^ ^ ^^• 

Deflection with variable resistance in circuit : — 

d. k, S. ff* n. B,, Ohms. 

1 226^ 22000 488 47 1000 5-10 x 10^ 

2 310i 10000 488 47 1000 513xl0» 

Mean value of Ej=5'125 x 10^* absolute units. Value of S from values of 
t and t as above, 100-21 x lO-i*. 

September 24. Dischxirge, — sin J t= 84-75. E^ from indirect method: — 
a, a,, b, b^m c, d, Bi, Ohms. 

1 6000 8000 1000 5/6 1000 854 6-18xl0» 

2 8000 10000 1000 648 1000 276 616xl0» 

Mean value of E^ in absolute measure 5*17x10^. Assuming t as on 
September 22, S=99-92 x lO'i^. 

The box holding the condenser was now filled up with an inwilat^ng com- 
position. 

October 13. Discharge, — 184 divisions, 12 divisions lost on return, 
sin I i=93-5. Discharge after one minute's insulation 181 divisions. 
Time. — ^First four oscillations, 

0'30", 0'51", I'll", r31"; 
last four oscillations, 

10' 4", 10' 23", 10'43|", ir5". 
Total number of oscillations 31. Mean value of 2<=20' 47". 
i2j hy indirect method : — 

a. Oj. b, b,, e. d, B^. 

8000 10000 1000 646 1000 333 619xlO». 
Value of S=98-42 x IO-12. 

B^ hy direct method. Battery resistance ; — 

J. h. A,. ff, B. 

.10 17400 700 47 223J 

Direct deflection : — 

d. h. B. g. n, Bj. 

1 270 J 22000 223i 47 1000 601 X 10> 

2 331 18C00 223i 47 1000 6-05 X 10» 

Mean value of E, = 6-03 x 10i« absolute units. Value of S=» 101-03 x 10^^. 
October 15. Discharge ; — 

1. 2. 3. 4. 6. 6. 

185 185 184i 184 184J 184i 

Mean 184-6, adding 3 for air, sin j t==93-8. 

^'im^*.— First four, 0' 23", 0' 42^", missed, 1' 24" ; last four, 7' 55", 8' 16", 
8' 35"; 24 osciUations in aU. Mean value of 2<=:20' 56". 
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Independent serieft of observations divided into triplets : — 

first two, 0' 22 J, 1'24", last two, 9' 37^, 10' 39'; 

80 oscillations in all. Mean value of 2t:=s20' 55", 

V(dm of i2|. Direct method. Battery resistance : — 

1 223 

2 216 

Mean 219 

Direct deflection : — 

d. k. B. ff. n. BpOhms. 

1 278 22000 219 47 1000 6-19 x 10» 

2 d21i 10000 219 47 1000 6*19 x lO^ 

Mean value of E^ in absolute units 6-19 x 10^^. Value of 8a6 99'2 x 10^^. 
October 17. Discharge : — 

1* 2. 3. 4. Mean, 

179 180 179 180 179d 

sin J »«91|. 

0' 55", r 5Gi'\ 10' 7i", 11' Si". 

Total number of osoUlations 30. Mean value of 2^=5 20' 40", 

Valt^ of ^.. Direct method. Battery resistance ; — 

i 210 

2...; 223 

Mean 2155 

Direct deflection : — 

d, k. B. g, n, B„ Oh mi. 

1 268 22000 215^ 47 1000 6-Q7 X 10» 

2 829 18000 216 J 47 1000 6 01 X lO* 

Mean value of E,=:5-99 x 10i» absolute units. Value of 8=99-25. 

The seven values obtained for 8 give a mean value of '9965 x 10'^^ as 
the capacity of the mica-plate condenser when charged for one minute, and 
measured by a discharge through a galvanometer, on the needle of which it 
acta for about 5 seconds. If we reject the two observations made on Oct. 15 
(which were, indeed, only preliminary, and made with less care than all the 
others) we find the average to be 0*9962 x 10"^^, and the approximation be- 
tween this mean and any single results is 0*42 per cent. It is therefore 
probable that a unit copied from this preliminary standard will not be one 
per cent, wrong. 

A tenfold multiple (10~^ absolute measure) of the condenser measured is 
a convenient magnitude as a practical imit of capacity for telegraphy ; thus 
the capacity of the Atlantic cable per knot thus measured is 0*3535. Assum- 
ing that the practical unit of electromotive force will be chosen as that mul- 
, tiple which is most nearly equal to Daniell's cell, L e, 10^ electromagnetic 
units, then the capacity of the proposed practical unit is such that it contains 
with the unit E. M. F: the same quantity of electricity as would be passed 
in one second through a circuit of the resistance of one Megohm. Thus 
IQs E. M. F., actbg on a circuit of lO^^, will pass in one second 10-^ absolute 
units of quantity ; and, similarly, 10^ E. M. F. will charge a condenser of ab- 
solute capacity equal to IG'^* with 10~^ absolute units of quantity. This 
practical series of units is that which, in the opinion of Mr. Latimer Clark 
and myself, is best adapted for practical use in telegraphy. Mr. Clark calls 
the unit of quantity thus defined (10~^) one Farad, and similarly says that 
the unit of capacity has a capacity of one Farad, it being understood that this 
is the capacity when chargied with unit electromotive force (10*). 
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Y, Iteport on Electrometers and Electrostaiie Meamremenis. 

By Sir Wm. Thomsoit, F.B^. 

§ 1. An electrometer is an instrument for measuring difPerences of electric 
potential between two conductors through effects of electrostatic force, and is 
distinguished from the galvanometer, which, of whatever species, measures 
differences of electric potentials through electromagnetic effects of electric 
currents produced by them^ When an electrometer merely indicates the 
existence of electric potential, without measuring its amount, it is commonly 
called an electroscope ; but the name electrometer is properly applied when 
greater or less degrees of difference are indicated on any scale of reckoning, 
if approximately constant, even during a single series of experiments. The 
first step towards accurate electrometry in every case is to deduce from 
the scale- readings numbers which shall be in simple proportion to the dif- 
ference of potentials to be determined. The next and last step is to assign 
the corresponding values in absolute electrostatic measure. Thus, when for 
any electrometer the first step has been taken, it remains only to determine 
the single constant coefficient by which the numbers deduced fi:oin its indica- 
tions as simply proportional to differences of potential must be multiplied to 
give differences of potential in absolute electrostatic measure. This coefficient 
will be called, for brevity, the absolute coefficient of the instrument in question. 

§ 2. Thus, for example, the gold-leaf electrometer indicates differences of 
potential between the gold leaves and the solid walls enclosing the air-space 
in which they move. If this solid be of other than sufficiently perfect con- 
ducting material, of wood and glass, or of metal and glass, for instance, as in 
the instrument ordinarily made, it is quite imperfect and indefinite in its 
indications, and is not worthy of being even called an electroscope, as it may 
exhibit a divergence when the difference of potentials which the operator 
desires to discover is absolutely zero. It is interesting to remark that 
Faraday first remedied this defect by coatiug the interior of the glass case 
with tinfoil cut away to leave apertures proper and sufficient to allow indi- 
cations to be seen, but not enough to cause these indications to differ sensibly 
from what they would be if the conducting envelope were completely closed 
around it ; and that not till a long time after did any other naturalist, mathe- 
matician, or instrument-maker seem to have noticed the defect, or even to have 
unconsciously remedied it. 

§ 3. Electrometers may be classified m genera and species according to the 
shape and kinematic relations of their parts ; but as in plants and animals a 
perfect continuity of intermediate species has been imagined between the 
rudimentary plant and the most perfect animal, so in electrometers we may 
actually construct species having intermediate qualities continuous between 
the most widely different genera. But, notwithstanding, some such classifi- 
cation as the following is convenient with reference to the several instruments 
commonly in use and now to be described : — 

I. Repulsion electrometers. 

Pair of diverging straws as used by Beccaria^ Tolta, and others, last 
century. 

Pair of diverging gold leaves (Bennet), 

Peltier's electrometer. 

Delmann's electrometer. 

Old-station electrometer, described in lecture to the Royal Institu- 
tion, May 1860 ; also in Nichol's * Cyclopsedia,' article *' Elec- 
tricity, Atmospheric" (edition 1860), and in Dr. Everett's 
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paper of 1867, "On Atmospheric Electricity" (Philosopliical 
Transactions). 
II* Symmetrical eleotrometeis. 

Bohnenberger's electrometer. 

Divided-ring electrometers. 
III. Attracted disk electrometers. 

Absolnte electrometer. 

Long-range electrometer. 

Portable electrometer. 

Spring-standard electrometer. 
§ 4. Class I. is sufficiently illustrated by the examples referred to ; and it 
is not necessary to explain any of these instruments minutely at present, as 
they are, for the present at all events, superseded by the divided-ring elec- 
trometer and electrometers of the third class. 

There are at present only two known species of the second class ; but it is 
intended to include all electrometers in which a symmetrical field of electric 
force is constituted by two symmetrical fixed conductors at different electric 
potentials, and in which the indication of the force is produced by means of 
an electrified body movable symmetrically in either direction from a middle 
position in this field. This definition is obviously fulfilled by Bohnenberger's 
well-known instrument *. 

§ 5. My first published description of a divided-ring electrometer is to be 
found in ike Memoirs of the Eoman Academy of Sciences t about 1856 ; but 
since that time I have made great improvements in the instrument — first, by 
applying a light mirror to indicate, defiections of the moving body ; next, by 
substituting for two half rings four quadrants, and consequently for an 
electrified body projecting on one side only of the axis, an electrified body 
projecting symmetrically on the two sides and movable round an axis ; and, 
lastly, by various mechanical improvements and by the addition of a simple 
gauge to test the electrification of the movable body, and a replenishcr to 
raise this electrification to any desired degree. 

§ 6. In the accompanying drawings, Plate Y. fig. 1 represents the front 
elevation of the instrument, of which the chief bulk consists of a jar of white 
glass (flint) supported on three legs by a brass mounting cemented round the 
outside of its mouth, which is closed by a flat cover of stout sheet brass and 
a lantern-shaped cover standing over a wide aperture in its centre. For 
brevity, in what follows, these three parts will be called the jar, the main 
cover, and the lantern. 

Pig. 5 represents the quadrants as seen from above ; they are seen in ele- 
vation at a and 6, &g. 1, and in section at c and d, fig. 2. They consist of four 
quarters of a flat circular box of brass, with circular apertures in the centres 
of its top and bottom. Their position in the instrument is shown in figs, 
1, 2, & 6. Each of the four quadrants is supported on a glass stem passing 
downwards through a slot in the main cover of the jar, from a brass mount- 
ing on the outside of it, and admits of being drawn outwards for a space 
of about I of an inch (1 centim.) from the positions they occupy when the 
instrument is in use, which are approximately those shown in the drawings. 
Three of them are secured in their proper positions by nuts (e, e, e) on the out- 
side of the chief flat lid of the jar shown in fig. 4. The upper end of the stem, 
carrying the fourth, is attached to a brass piece (/) resting on three short legs 

* A single gold leaf hanging between the upper ends of two equal and similar dry piles 
standing yertically on a horizontal plate of metal, one with its positive and the other with 
its negative pole up. t Accademia Pontificia dei Nuovi lincei. 
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on tlie nppersido. of the main cover, two of these legs being gnided by a 
straight V-groove at g to give them freedom to move in a straight line in- 
wards or outwards, and to prevent any other motion. This brass pieee is 
pressed outwards and downwards by a properly arranged spring (A), and is 
kept from sliding out by a micrometer-screw (i) taming in a fixed nut. This 
simple kinematic arrangement gives great steadiness to the fourth quadrant 
when the screw is turned inwards or outwards and then left in any position ; 
and at the same time produces but little friction against the sliding in either 
direction. The opposite quadrants are connected in two pairs by wires, as 
shown in fig. 5 ; and two stout vertical wires (?, m), called the chief electrodes, 
passing through holes in the roof of the lantern, are firmly supported by long 
perforated vidcanite columns passing through these holes, which serve to 
connect the pairs of quadrants with the external conductors whose difference 
of potentials is to be tested. Springs (n, o) at the lower ends of these columns, 
shown in figs. 1 & 2, maintain metallic contact between the chief electrodes 
and the uppersides of two contiguous quadrants (a & h) when the lantern is set 
down in its proper position, but allow the lantern to be removed, carrying the 
chief electrodes with it, and to be replaced at pleasure without disturbing the 
quadrants. The lantern also carries an insulated oharging-rod (p), or tem- 
porary electrode, for charging the inner coating of the jar (§ 11) to a small 
degree, to be increased by the replenisher (§ 12), or, it may be, for making 
special experiments in which the potential of the interior coating of the jar 
is to be measured by a separate electrometer, or kept at any stated amount 
from that of the outer coating. When not in use this temporary electrode is 
secured in a position in which it is disconnected from the inner coating. 

§ 7. The main cover supports a glass column {q^ fig. 2) projecting vertically 
upwards through its central aperturte, to the upper end of wluch is attached a 
brass piece (r), which bears above it a fixed attracting disk («), to be described 
later (§ 13) ; and projecting down from it a fixed plate bearing the silk-fibre 
suspension of the mirror (<), needle («), <fcc., seen in figs. 1 <fe 2, and fixed guard 
tubes (v, w)y to be described presently. 

§ 8. The movable conductor of the instrument consists of a stiff platinum 
wire (a?), about 8 centimetres (3| inches) long, with the needle rigidly attached 
in a perpendicular plane to it, and connected with sulphuric acid in the 
bottom of the jar by a fine platinum wire hung down from its lower end and 
kept stretched by a platinum weight under the level of the liquid. The 
upper end of the stiff platinum wire is supported by a single silk-fibre so that 
it hangs down vertically. The mirror is attached to it just below its upper 
end. Thus the mirror, the needle, and the stiff platinum stem constitute a 
rigid body having very perfect freedom to move round a vertical axis (the 
line of the bearing fibre), and yet practically prevented from any other 
motion in the regular use of the instrument by the weight of its own mass 
and that of the loose piece of platinum hanging from it below the surface of 
the liquid in the jar. A very small magnet is attached to the needle, which, 
by strong magnets fixed outside the jar, is directed to one position, about 
which it oscillates after it is turned through any angle round the vertical 
axis and then left to itself. The external magnets are so placed that when 
there is magnetic equilibrium the needle is in the symmetrical position shown 
in figs. 6 & 6 with reference to the quadrants*. 

§ 9. The needle (u) is of very thin sheet aluminium cut to the shape seen in 
figs, b &,Q, the very thinnest sheet aluminium that gives the requisite stiff- 

* Recently I have mode experiments on a bifilar suspension with a view to superseding 
the magnetic adjustment, which promise well. 
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neBs "being chosen. If the fbnr quadrants sire in a perfectly Bymmetricnl 
position round it^ and if they are kept at one electric potential by a metallic 
arc connecting the chief electrodes outside, the needle may be strongly 
electrified without being disturbed from its position of magnetic equilibrium ; 
but if it is electrified, and if the external electrodes be disconnected and any 
difference of potentials established between them, the needle will clearly ex- 
perience a couple turning it round its vertical axis, its two ends being driven 
from the positive quadrants towards the negative if it is itself positively 
electrified. It is kept positive rather than negative in the ordinary use of 
the instrument, because I find that when a conductor with sharp edges or 
points is surrounded by another presenting everywhere a smooth surface, a 
much greater difference of potentials can be established between them, with- 
out producing disruptive discharge, if the points and edges are j>ositive than 
if they are negative. 

§ 10. The mirror (t) serves to indicate, by reflecting a ray of light from a 
lamp, small angular motions of the needle round the vertical axis. It is a very 
light, concave, silvered glass mirror, being only 8 millimetres (J of an inch) in 
diameter, and 22 milligrammes (^ grain) weight. I had for many years ex- 
perienced great difficulty in getting suitable mirrors for my form of mirror 
galvanometer ; but they are now supplied in very great perfection by Mr. 
Becker, of Messrs. EUiott Brothers, London. The focus for parallel rays is 
about 50 centimetres (20 inches) from the mirror, and thus the rays of the 
lamp placed at a distance of 1 metre (or 40 inches) are brought to a focus at 
the same distance. The lamp is usually placed close behind the vertical 
Bcreen a Httle below or above the normal line of the mirror, and the imago 
is thrown on a graduated scale extending horizontally above or below the 
aperture in the screen through which the lamp sends its light. When the 
mirror is at its magnetic zero position the lamp is so placed that its image is, 
as nearly as may be, in a vertical plane with itself, and not more than an 
inch above or below its level ; so that there is as little obliquity as possible 
in the reflection, and the line traversed by the image on the screen during the 
deflection is, as nearly as may be, straight. The distance of the lamp and 
screen from the mirror is adjusted so as to give as perfect an image as possi- 
ble of a fine wire which is stretched vertically in the plane of the screen 
across the aperture through which the lamp shines on the mirror ; and with 
Mr. Becker's mirrors I find it easy to read the horizontal motions of the dark 
image to an accuracy of the tenth of a millimetre. In the ordinary use of 
the instrument a white paper screen, printed from a copper plate, is employed, 
and the readings are commonly taken to about a quarter of a scale-division ; 
but with a little practice they may, when so much accuracy is desired, be 
read with considerable accuracy to the tenth of a scale-division. Formerly 
a slit in front of the lamp was used ; but the wire giving a dark line in the 
middle of the image of the flame is a very great improvement, first intro- 
duced by Dr. Everett, in consequence of a suggestion made by Professor P. G. 
Tait, in his experiments on the elasticity of solids made in the Natural- 
Philosophy Laboratory of Glasgow University*. 

§ 11. The charge of the needle remains sensibly constant fr6m hour to 
hour, and even from day to day, in virtue of the arrangement according to 
which it is kept in communication with sulphuric acid in the bottom of the 

* __ A Brummond light placed about 70 centimetres from the mirror giyes an image, on 
a screen about 3 metres distance, brilliant enough for lecture-illustrations, and with suffi- 
cient definition to allow accurate readings of the positions on a scale marked by the image 
of a fine vertical wire in front of the light. 



156 

jar^ the outside of the jar being coated with tinfoil and connected with the 
earthy so that it is in reality a Leyden jar. The whole outside of the jar, 
even where not coated with tinfoil, is in the ordinary use of the instnunent, 
especially in our moist climate, kept virtually at one potential through con- 
duction along its surface. This potential is generally, by connecting wires 
or metal pieces, kept the same as that of the brass legs and framework of 
the instrument. To prevent disturbance in case of strongly electrified bodies 
being brought into the neighbourhood of the instrument, a wire is either 
wrapped round the jar from top to bottom, or a cage or network of wire, or any 
convenient metal case, is placed round it ; but this ought to be easily removed 
or opened at any time to admit of the interior being seen. When the instru- 
ment is left to itself from day to day in ordinary use, the needle, connected 
with the inner coating of the jar as just described, loses, of course, unless 
replenished, something of its charge ; but not in general more than | per 
cent, per day when the jar is of flint glass made in Glasgow. On trying 
similar jars of green glass I found that they lost their charge more rapidly 
per hour than the white glass jars per month. I have occasionally, but very 
rarely, found white glass jars to be as defective as those green ones ; and it is 
possible that the defbct I found in the green jars was an accident to the jars 
tested, and not an essential property of that kind of glass. 

§ 12. I have recently made the very useful addition of a replenisher to 
restore electricity to the jar from time to time when required. It consists of 
(1) a turning vertical shaft of vulcanite bearing two metal pieces called carriers 
(6, 6, figs. 17 & 18, Plate Y.) ; (2) two springs (d, d, figs. X6 & 18), connected 
by a metallic arc, making contact on the carriers once every half turn of the 
shaft, and therefore called connectors ; and (3) two inductors (a, a) with re- 
ceiving springs (c, c) attached to them, which make contact on the carriers 
once every half turn, shortly before the connecting contacts are made. The 
inductors (a, a, figs. 16 & 18) are pieces of sheet metal bent into circular cylin- 
drical shapes of about 120^ each ; they are placed so as to deviate in the 
manner shown in the drawing from parts of a cylindrical surface coaxal with 
the turning-shaft, leaving gaps of about 60° on each side. The diameter of 
this cylindncal surface is about. 15 millimetres (about | an inch). The carriers 
(&, 6, figs. 17 & 18) are also of sheet metal bent to cylindrical surfaces, but not 
exactly circular cylinders, and are so placed on the bearing vulcanite shaft 
that each is rubbed by the contact springs over a very short space, about 1 
millimetre beyond its foremost edge, when turned in the proper direction for 
replenishing. The receiving springs (c, c, figs. 17 & 18) make their contacts 
with each carrier immediately after it has got fairly under cover, as it were, 
of the inductor. Each carrier subtends an angle of about 60° at the axis 
of the turning-shaft. The connecting contacts are completed just before the 
carriers commence emerging from being under cover of the inductors. The 
carriers may be said to be under cover of the inductors when they are within 
an angle of 120° on each side of the axis subtended by the inductors. One 
of the inductors is in metallic communication with the outside coating of the 
jar, the other with the inside. Figs. 16, 17, & 18 illustrate sufficiently 
the shape of carriers and the succession of the contacts. The arrow-head 
indicates the direction to turn for replenishing. When it is desired to dimi- 
nish the charge, the replenisher is turned backwards. A small charge having 
been given to the jar from an independent source, the replenisher when 
turned forwards increases the difference of potentials between the two 
inductors and the two coatings of the jar connected with them by a constant 
percentage per half turn, unless it is raised to so high a degree as to break 
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down the air-insiilation by disruptive discharge. The electric action is 
explained simply thus : — ^The carriers, when connected by the connecting 
springs^ receive opposite charges of induction, of which, they deposit large pro- 
portions the next time they touch the receiving springs. Thus, for example, 
if the jar be chained positively, the carrier emerging from the inductor 
connected with the inner coating carries a negative charge round to the 
receiving spring connected with the outside coating, while the other carrier, 
emerging from the inductor connected with the outside coating, carries 
a positive charge round to the receiving spring connected with the inside 
coating. If the carriers are not sufficiently well under cover of the inductors 
daring both the receiving contacts and the connecting contacts to render the 
chaises which they acquire by induction during the connecting contacts 
greater than that which they carry away with them from the receiving con- 
tacts, the rotation, even in the proper direction for replenishing, does not 
increase, but, on the contrary, ^minishes the charge of the jar. The de- 
viations of the inductors from the circular cylinder referred to above have 
been adopted to give greater security against this failure. A steel pivot 
fixed to the top of the vulcanite shaft, and passing through the main cover, 
carries a small milled head (y, fig. 1) above, on the outside, which is spun 
rapidly round in either direction by pressing the finger on it ; and thus in 
less than a minute a small charge in the jar may be doubled. The dimi-> 
nation of the charge, when the instrument is left to itself for twenty-four, 
hours, is sometimes imperceptible ; but when any loss is discovered to have 
taken place, even if to the extent of 10 per cent., a few moments' use of the 
replenisher suffices to restore it, and to adjust it with minute accuracy to the 
required degree by aid of the gauge to be described presently. The principle 
of the " replenisher " is identical with that of the " doubler " of Bennet. In 
the essentials of its construction it is the same as Yarley's improved form of 
Nicholson's " revolving doubler." 

§ 13. The gauge consists of an electrometer of Class III. The movable 
attracted disk is a square portion of a piece of very thin sheet aluminium of 
the shape shown at a in fig. 4. It is supported on a stretched platinum wire 
passing through two holes in the sheet and over a very small projecting 
ridge of bent sheet aluminium placed in the manner shown in the magnified 
drawing, fig. 3. The ends of this wire are passed through holes in curved 
springs, shown in fig. 4, and are bent round them so as to give a secure 
attachment without solder and without touching the straight stretched part 
of the wire. The ends of the platinum wire (/3, fi) are attached by cement to 
the springs, merely to prevent them from becoming loose, care being taken 
that the cement does not prevent metallic contact between some part of the 
aluminium wire and one or both of the brass springs. I have constantly 
found fine platinum wire rendered brittle by ordinary solder applied to 
it. The use of these springs is to keep the platinum wire stretched, with 
an approximately constant tension, from year to year and at various tempera- 
tures. Their fixed ends are attached to round pins, which are held with their 
axes in a line with the fibre by friction, in bearings forming parts of two ad- 
justable brass pieces (y, y) indicated in fig. 4 ; these pieces are adjusted once 
for all to stretch the wire with sufficient force, and to keep the square attracted 
disk in its proper position. The round pins bearing the stretching-springs are 
turned through very small angles by pressing on the projecting springs with 
the finger. They are set so as to give a proper amount of torsion tending to 
tilt the attracted disk (a) upwards, and the long end of the aluminium lever (^), 
of which it forms a part, downwards. The downward motion of the long end 
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is^ limited by a properly placed stop. Another 6top (e) abore limits the 
upward motion, which takes place under the influence of electriflcation in 
the use of the instrument. A very fine opaque black hair (that of a small 
black- and- tan terrier I haye found much superior to any hitherto tried) is 
stretched across the forked portion of the sheet aluminium in whicli the 
long arm of the lover terminates. Looked at horizontally from the outside 
of the instrument it is seen, as shown in fig. 7, Plate Y., against a white 
background, marked with two very fine black circles. These sight-plates in 
the instruments, as now made by Mr. White, are of the same material as the 
ordinary enamel watch-dials with black figures on a white ground. The 
white space between the two circles should be a very little less than the 
breadth of the hair. The sight-plate is set to be as near the hair as it can 
be without impeding its motion in any part of its range ; and it is slightly 
convex forwards, and is so placed that the hair is nearer to it when in the 
middle between the black circles than when in any other part of its range. 
It is thus made very easy, even without optical aid, to avoid any considerable 
error of parallax in estimating the position of the hair relatively to the two 
black circles. By a simple plano-convex lens Qp, fig. 2), with the convex 
side turned inwards, it is easy, in the ordinary use of the instrument^ to 

distinguish a motiofi up or down of the hair amounting to ^~ of an inch. 

With a little care I have ascertained, Dr. Joule assisting, that a motion of 

no more than --^ of an inch from one definite central position can be 

securely tested without the aid of other magnifying-power than that given 
by the simple lens. The lens during use is in a fixed position relatively to 
the framework bearing the needle, but it may be drawn out or pushed in to 
suit the focus of each observer. To give great magnification, it ought to be 
drawn out so far that the hair and sight-plate behind may be but little nearer 
to the lens than its principal focus, and the observer's eye ought to be at a 
very considerable distance from the instrument^ no less than 20 centimetres 
(8 inches), to get a good magnification ; and a short-sighted person should 
use his ordinary concave eye-lens close to his eye. The reason for turning 
the convexity of the small plano-convex lens inwards is, that if the eye of 
the observer is too high or too low, the hair seems to him curved upwards or 
downwards, and he is thus guided to keep his eye on a level sufficiently 
constant to do away with all sensible effects of parallax on the position of 
the hair relatively to the black circles. The framework carrying the stretched 
platinum wire and movable attracted disk is above the brass roof of tho 
lantern, in which a square aperture is cut to allow the square portion con- 
stituting the short arm of the aluminium balance to be attracted downwards 
by the fixed attracting disk (§ 7), to be presently described. A side view 
of the attracting plate, the brass roof of the lantern, the aluminium balance, 
the sight-plate, the hair, and the plano-convex lens is shown in section 
(fig. 2), also a glass upper roof to protect the gauge and the interior of the 
instrument below from dust and disturbance by currents of air, to which, 
without this upper roof, it would be exposed, through the small vacant space 
round the movable aluminium square. The fixed attracting disk is borne 
by a vertical screw screwing into the upper brass mounting (z, ^g. 2) (§ 7), 
connected with the inner coating of the Leyden jar through the guard tubes, 
&c., and is secured in any position by the " jam nut," shown in the draw- 
ings at z, fig. 2. This disk (s) is circular, and about 38 millimetres (1^ inch) 
diameter, and it is placed horizontally with its centre under the centre of 
the square aperture in the roof of the lantern. Its distance from the lower 
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surface of the roof and of the movable attracted disk mny be from 2| to 5 
millimetres (from ^ to -jk of an inch), and is to be adjusted, along -with the 
amount of torsion in the platinum wire bearing the aluminium balance-iarm, 
so as to give the proper sensibility to the gauge. The sensibility is increased 
by diminishing the distance from the attracting to the attracted plate and 
increasing the amount of torsion. Or, again, the degree of the potential 
indicated by it -when the hair is in the sighted position is increased by 
increasing IJie distance between the plates, or by diminishing the amount of 
torsion. If the electrification of the needle is too great, its proper position 
of equilibrium becomes unstable ; or before this there is sometimes a liability 
to discharge by a spark across some of the air-spaces. The instrument 
works extremely well with the needle charged but little less than to giye 
rise to one or both of these faults, and I adjust the gauge accordingly. 

§ 14. The strength of the fixed steel-directing magnets is to be adjusted to 
give the desired amount of deflection with any stated difference of potentials 
maintained between the two chief electrodes, when the jar is charged to the 
degree which brings the hair of the gauge to its sighted position. In the 
instruments already made, the deflection* by a single cell of Daniell's 
amounts to about 100 scale-divisions (of -^ of an inch each at a distance of 
40 inches) when the magnetic directive force is such as to give a period of 
vibration equal to about 1*5 second. When the jar is discharged and the 
four quadrants are connected with one another and with the inner coating 
of the jar, lower degrees of sensibility may be attained better by increasing 
the magnetic directing-force than by diminishing the charge of the jan 
Thus, for instance, when it is to be used for measuring and photographically 
recording the potential of atmospheric electricity at the point where the 
stream of the water- dropping collector t breaks into drops, the ma]gnetie 
directing-force may be made from 10 to 100 times more than that just 
described. When this is to be done it may be convenient to attach a some- 
what more powerful magnetic needle than that which has been made in 
the most recent instruments where a high degree of sensibility is desired. 
But it is to be remarked that in general the directing-force of the external 
steel magnets cannot be too strong, as the stronger it is the less is the 
disturbance produced by changing magnetic bodies in the neighbourhood of 
the instrument. In laboratory work, where numerous magnetic experiments 
are being performed in the immediate neighbourhood, and in telegraph 
factories, where there is constant disturbance by large moving masses of iron, 
the artificial magnetic field of the electrometer ought to be made very 
strong. To allow this, and yet leave sufficient sensibility to the instrument, 
the suspended magnetic needle has been made smaller and smaller, until 
it is now reduced to two small pieces of steel side by side, 6 millimetres 
(I of an inch) long. Por a meteorological observatory all that is necessary 
is, that the directing magnetic force should be so great that the greatest 
disturbance experienced in magnetic storms shall not sensibly deflect the 
luminous image j:. 

§ 15. The sensibility of the gauge should be so adjusted that a variation 
in the change of the jar, producing an easily perceived change in the posi- 

* That is to say, the number of scale-divisions over which the luminous image moves 
■when the chief electrodes are disconnected from one another and put in metallic con- 
nexion with the two plates of a Daniell's hattery. 

t See Royal Institution Lecture, May 18, 1860 (Proceedings of the R. I.), or Nichol's 
*Cyclopa}dia,' article *• Electricity, Atmospheric" (edition 1860). ... 

J All embarrassment from this source will be done away with if the bifilar plan te 
ddopted {vide footnote to § 8), 
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tion of the hair, shall produce no sensible change in the deflection of the 
Inminous image produced by the greatest difference of potentials between 
the quadrants, which is to be measured in the use of the instnunent. I 
believe the instruments already made, when adjusted to fulfil these con- 
ditions, may be trusted to measure the difference of potentials produced by a 
single cell of Daniell's to an accuracy of a quarter per cent. It must be 
remembered that the constancy of value of the unit of each instrument 
depends not only on the constancy of the potential indicated by the gauge, 
but also on the constancy of the force in the field traversed by the suspended 
needle. As both these may be expected to decrease gradually from year to 
year (although very slowly after the first few hours or weeks), rigorous 
methods must be adopted to take such variations into account, if the instru- 
ment is to be trusted to as giving accurately comparable indications at all 
times. The only method hitherto provided for this most important object 
consists in the observation of the deflection produced by a measured motion 
of one of the quadrants by the micrometer-screw (i) when the four quadrants 
are put in metallic communication with one another through the principal 
electrodes — ^the force producing this deflection when the potential of the jar 
is constant ; and therefore, the jar being brought to one constant potential 
by aid of the gauge, the amount of the deflection will show whether or not 
the force of the magnetic field has changed, and will render it easy at any 
time to adjust the strength of the magnets, if necessary, to secure this con- 
stancy. But to attain this object by these means, the three quadrants not 
moved by the micrometer-screw must be clamped by their fixing-screws so 
that they may be always in the same position. 

§ 16. The absolute constancy of the gauge cannot be altogether relied 
upon. It certainly changes to a sensible degree with temperature, and to 
very different degrees, and even in different directions, as will be seen (§ 82) 
in connexion with the description of the portable electrometer to be given 
later. But this temperature variation does not amount in ordinary cases 
probably to as much as one per cent. ; and it is probable that after a year 
or two any further secular variation of the platinum torsion spring will be 
quite insensible. It is to be remarked, however, that secular experiments on 
the elasticity of metals are wanting, and ought at least to be commenced in 
our generation. In the mean time it will be desirable, both on account of 
the temperature variation and of the possible secular variation in the couple 
of torsion, to check the gauge by accurate measurements of the time of oscil- 
lation of the needle with its appurtenances. The moment of inertia of this 
rigid body, except in so far as it may be influenced by oxidation of the metal, 
of which I have as yet discovered no signs, may be regarded as constant ; and 
therefore the amount of the directing couple due to the magnets may be 
determined with great accuracy by finding the period of an oscillation when 
the four quadrants are put in connexion through the charging rod with the 
metal mounting bearing the guard plates, &c. I have not- as yet put into 
practice any of the obvious methods, founded on the general principle of 
coincidences used in pendulum observations, for determining the period of the 
oscillation ; but although not more than twenty or thirty oscillations can be 
counted, it seems certain that with a little trouble the period of one of them 
may be determined without much trouble to an accuracy of about -j'^ per cent. 

Absolute Electrometee. 

§ 17. The absolute electrometer (^g. 11, Plate YI.) and the other instru- 
ments of Class III. are founded on a method of experimenting introduced by 
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Sir Wm. Snow Harris, and described in his first paper '< On the Elementary- 
Laws of Electricity"* thirty-four years ago. In these experiments a con- 
ductor, hung from one arm of a bakmce and kept in metallic communication 
with the earth, is attracted by a fixed insulated conductor, which is electri- 
fied, and, for the sake of keeping its electric potential constant, is connected 
with the inner coating of a Leyden battery. The first result which he 
announced is, that, when other circumstances remain the same, the attraction 
varies with the square of the quantity of electricity with which the insulated 
body is charged ; but ^* it is readily seen that, in the case of Mr. Harris's 
experiments, it will be so slight on the unopposed portions that it could 
not be perceived without experiments of a very refined nature, such as 
might be made by the proof plane of Coulomb, which is, in fact, with a 
" slight modification, the instrument employed by Mr. Earaday in the inves- 
'' tigation. Now to the degree of approximation to which the intensity on 
'^ the unopposed parts may bo neglected, the laws observed by Mr. Harris 
*'' when the opposed surfaces are plane may be readily deduced from the 
'' mathematical theory. Thus let v be the potential in the interior of A, the 
*^ charged body, a quantity which will depend solely on the state of the inte- 
*^ rior coating of the battery with which, in Mr. Harris's experiments, A is 
'• connected, and will therefore be sensibly constant for different positions 
^^ of A relative to the uninsulated opposed body B. Let a be the distance 
^' between the plane opposed faces of A and B, and let S be the area of the 
*^ opposed parts of these faces, which wiU in general be the area of the 
smaller, if they be unequal. When the distance a is so small that we may 
entirely neglect the intensity on all the unopposed parts of the bodies, it 
is readily shown, from the mathematical theory, that (since the difference 
'' of the potentials at the surfaces of A and B is i;) the intensity of the elec- 
" tricity produced by induction at any point of the portion of the surface of 

** B which is opposed to A is - — , the intensity at any point which is not so 

*' situated being insensible. Hence the attraction on any small element iii, 
*' of the portion S of the surface of B, will be in a direction perpendicular to 
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is 



the plane and equal to 2k(-^j t. Hence the whole attraction on B is 

*< This formula expresses all the laws stated by Mr. Harris as results of 
'* his experiments in the case when the opposed surfaces are plane" J. 

§ 18. After many trials to make an absolute electrometer founded on the 
repulsion between two electrified spherical conductors for which I had given 
a convenient mathematical formula in § 4 of the paper just quoted, it occurred 
to me to take advantage of the fact noticed by Harris, but easily seen as an 
immediate consequence of Green's mathematical theory, that the mutual 
attraction between two conductors used as in his experiments is but little 
influenced by the form of the unopposed parts ; and in 1853, in a paper " On 
transient Electric Currents" §, I described a method for measuring differences 
of electric potential in absolute electrostatic measure founded on that idea. 
The " absolute electrometer " which I exhibited to the British Association 

* Philosophical Transactions, 1834. 

f See Mathematical Journal, toI. iii. p. 275. 

♦ " On the Elementary Laws of Statical Electricity," Cambridge and Dublin Miithe* 
watical Journal, 1846 j and Phil. Mag. July 1854. § P^il. Mag. June 1853. 

M 
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at its Glasgow Meeting in 1855 was constructed for the purpose of putting 
these methods in practice. This instrument consists of a plane metal disk 
insulated in a fixed horizontal position^ with a somewhat smaller fixed metal 
disk hung centrally over it from one end of the heam of a balance. In two 
papers entitled " Measurement of Electostatic Force produced by a Battery " 
and " Measurement of the Electromotive Force required to produce a spark in 
Air between parallel metal plates at different distances/' published in the Pro- 
ceedings of the Royal Society* for February 1860, 1 described applications 
of this electrometer, in which, for the first time, I believe, absolute electro- 
static measurements were made. The calculations of difierences of potentials 
in absolute measure were made according to the formula quoted above (§ 17) 
from my old paper on " The Elementary Laws of Statical Electricity." 

§ 19. This formula is rigorous only if the distance between the disks is 
infinitely small in comparison with their diameters ; and therefore, in my 
eat'liest attempt to make absolute electrostatic measurements, I used very 
small distances. I found great difficulty in securing that the distance should 
be nearly enough equal between different parts of the plates, and in measu- 
ring its absolute amount with sufficient accuracy ; and found besides serious 
inconveniences in respect of sensibility and electric range : later I made a 
great improvement in the instrument by making only a small central area 
of one of the disks movable. Thus the electric part of the instrument 
becomes two large parallel plates with a circular aperture in one of them, 
nearly filled up by a light circular disk supported properly to admit of its 
electrical attraction towards the other being accurately measured in absolute 
units of force. The disk and the perforated plate surrounding it will be 
called, for brevity, the disk and the guard-plate. The faces of these two 
next the other plate must be as nearly as possible in one plane when the 
disk is precisely in the position for measuriDg its electric force, which, for 
brevity, will be called its sighted position. The space between the disk and 
the inner edge of its guard-ring must be a very small part of the diameter of 
the aperture, and must be very small in comparison with the distance between 
the plates ; but the diameter of the disk may be greater than, equal to, or 
less than the distance between the plates. 

§ 20. Mathematical theory shows that the electric attraction experienced 
by the disk is the same as that experienced by a certain part of one of two 
infinite planes at the same distadce, with the same difference of electric 
potentials, this area being very approximately the mean between the area 
of the aperture and the area of the disk, and that the approximation is v^ry 
good, even although the distance between the plates be as much as a fourth or 
fifth, and the diameter of the disk as much as three fourths of the diameter 
of the smaller of the two plates. This conclusion will be readily assented to 
when we consider thatf the resultant electric force at any point in the air 
between the two plates is equal numerically to the rate of conduction of 
heat per unit area across the corresponding space in the following thermal 
analogue. Let a solid of uniform thermal conductivity replace all the air 
between and round the plates ; and in place of the plates let there be hollow 
spaces in this solid. Let these hoUow spaces be kept at two uniform tempe- 
ratures, differing by a number of degrees equal numerically to the diffcr- 
ence of potentials in the electric system, the space corresponding to the 

* Phil. Mag. September and Octobei* 1860. 

t "On the Uniform Conduction of Heat through Solid Bodies, and its connexion with 
the MathemaUcal Theory of Electricity," Cambridge Mathematical Journal, Feb. 184?, 
and JPha. Mag. July 1854, 
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disk £lndgtiard-Hi)g being at one tempei*attire, and that corresponding to the 
Opposite plate at the other temperature ; and let the thermal conductiyity bf 
the solid be unity. If ire attempt to draw the isothermal surfaeeB between- 
the hollow corresponding to the cotitinuous plate on the one side^ and that 
corr^ponding to the disk and guard-ring on the other side, we see imme- 
diately that they must be rery nearly plane from very near the disk all the 
way across to the corresponding central portion of the opposite plate, but 
that there will be a convexity towards the annular space between the disk 
and guard-ring; 

§ 21i Thus ire see that the resultant electric force will, to a tery fclose 

approximation, be equal to *| for all points of the air between the plates at 

distances &om the outer bounding edges exceeding two or three times the 
distance between the plates, and at distances from the interstice between the 
guard-ring and disk any less than the breadth of this interstice) Hence if p 
denote the electric density of any point of the plate or disk far enough from 
the edges, we have 

._ y 

^ 4,rD* 

But the outward force experienced by the surface of the electrified conduo<a 
tor per unit of area at any point is 2irp^ ; and therefore if E denote the forcd 
experienced by any area A of the fixed plate, any part of which colnes near 
its edge^ ire hare 

which will clearly be equal to the attraction experienced by the movable 
disk, if A be the mean area defined above. This gives V=D a /-^> thS 

formtda by which difference of potentials in absolute electrostatic measure 
is calculated from the result of a measurement of the force F, which, it must 
be remembered, is to be expressed in kinetic units. Thus if W be the mass 
in grammes to which the weight is equal, we have 

where g is the force of gravity in centimetres per second. 

The difficulty which, in first applying this method about twelve years ago, 
1 found in measuring accurately the distance D between the plates and in 
avoiding error from their not being rigorously parallel, I neW elude by 
measuring only differences of distance, and deducing the desired results from 
the difference of the corresponding differences of potentials. Thus let Y' be 
the dlfferetice of potentials between the plates required to give the same force 
F • when the difference of potentials is Y' instead of V, we have 

§ 22* The plan of proceeding which I now use is gs fblloWs : — Each plato 
(fig. 11, Plate Yl.) is insulated ; one of them, the Continuous otie, for instance, 
ia kept at a potential differing from the earth by a fixed amount tested by aid 
of a separate idiostatic* electrometer ; the other plate (the guard-ring and 
movable disk in metallic communication with one another) is alternately 
connected * with the earth and with the body whose potential is to be 

* See j 40 below. 

m2 
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measarecu The lower plate is moyed up or down by a micrometer-Bcrew 
until the movable disk balances in a definite position, indicated by the hair 
(with background of white with black dots) seen through a lens, as shown in 
fig. 11. Before and after commencing each series of electrical experiments, 
the amount of weight to be placed on the upperside of the disk to bring the 
hair to its sighted position when there is no electric force is determined. 
This last conation is secured by putting the two plates in metallic commu- 
nication with one another. For the electric experiments the weight is 
removed, so that when the hair is in the sighted position the electric attraction 
on the movable disk is equal to the force of gravity on the weight. The 
electric connexions suitable in using this instrument for determining in 
absolute electrostatic measure the difference of potentials maintained by 
a galvanic battery between its two electrodes are indicated in fig. 11. 
No details as to the case for preventing disturbance by currents of air, and 
for maintaining a dry atmosphere, by aid of pumice impregnated with strong 
sulphuric acid, are shown, because they are by no means convenient in the 
instrument at present in use, which has undergone so many transformations 
that scarcely any part of the original structure remains. I hope soon to 
construct a compact instrument convenient for general use. The amount of 
force which is constant in each series of experiments may be varied from one 
series to another by changing the position of a small wire rider on the lever 
from which the movable disk is hung. 

The electric system here described is heterostatic (§40 below), there 
being an independent electrification besides that whose difference of potential 
is to be measured. 

POBTABLE ElECXBOMETEB. 

§ 23. In the ordinary use of the portable electrometer (figs. 8, 9, & 10, 
Plate YI.), the electric system is heterostatic and quite similar to that of the 
absolute electrometer, when used in the manner described above in § 22. 
But the balance is not adapted for absolute measure of the amount of force 
of attraction experienced by the movable disk ; on the contrary, it is pre- 
cisely the same as that described for the gauge of the quadrant electrometer 
in § 13 above, only turned upside down. Thus, in the portable instrument, 
the square disk (/) forming part of the lever of thin sheet aluminium is 
attracted upwards by a solid circular disk of sheet brass (g), thick enough 
for stiffness. Every part of the aluminium lever except this square portion 
is protected from electric attraction by a fixed brass plate (h h) with a square 
hole in it, as nearly as may be stopped by the square part of the sheet 
aluminium destined to experience the electric attraction, all other parts of 
the aluminium balance-lever being below this guard-plate. The aluminium 
lever (i ^), as shown in figs. 8 & 10, is shaped so that when the hair (Z) at 
the long end of its lever is in its sighted position, the upper surfaces of the 
fixed guard-plate (h) and movable aluminium square (/) are as nearly as 
may be in one plane. The mode of suspension is precisely the same as that 
described (§ 13) for the gauge of the quadrant electrometer. In the portable 
instrument, careful attention is given by the maker to balance the aluminium 
lever by adding to it small masses of shellac or other convenient substance, 
so that its centre of gravity may be in the line of its platinum-wire axis, 
or, more properly speaking, in such a position that the instrument shall give, 
when electrified, the same "earth-readings" when 'held in any positions, 
either upright, or inclined, or inverted (§ 30 below). Thus the condition of 
equilibrium of the balance, when the hair is in its sighted position, is that 
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the mbmeht of electric attraction round the axis of suspension shall be equal 
to the moment of the couple of torsion, the latter heiug as constant as the 
properties of the matter concerned (platinum "wire^ brass stretching- springs, 
&c.) will allow. 

§ 24. The guard-plate carrying, by the platinum- wire suspension, the alu- 
minium balance, is attached to the bottom of a small glass Leyden jar (m m)^ 
and is in permanent metallic communication with its inside coating of tinfoil. 
The outside tinfoil coating of this jar is in permanent metalHc communication 
with the outside brass-protecting case. The upper open mouth of this case 
is closed by a lid or roof, which bears on its underside a firm frame projecting 
downwards. This frame has two Y notches, in which a stout brass tube (o) 
slides, k^t in the Ys by a properly placed spring (p) giving it freedom to slide 
up and down in one definite line*. Eirmly fixed in the upper end of this tube 
is a nut (a, fig. 8), which is caused to move up and down by a micrometer- 
screw. The lower end of the shaft of this screw has attached to it a convex 
piece of polished steel (6, ^g. 8), which is pressed upon a horizontal agate 
plate rigidly attached to the framework above mentioned by a stiff brass piece 
projecting into the interior of the brass tube through a slot long enough to 
^ allow the requisite range of motion. This arrangement will be readily under- 
stood £rom the accompanying drawings. It has been designed upon obvious geo- 
metrical principles, which have been hitherto neglected, so far as I know, in all 
micrometer-screw mechanisms, whether for astronomical instruments or other 
purposes. The screw-shaft is turned by a milled head, fixed to it at its top 
outside the roof of the instrument, and the angles through which it is turned 
are read on a circle divided into 100 equal parts of the circumference (or 3°*6 
each) from a fixed mark on the roof of the instrument. The hole in the roof 
through which the screw-shaft passes is wide enough to allow the shaft to 
turn without touching it, and the lower edge of the graduated circle turning 
with the screw is everywhere very near the uppfjrside of the roof, but must 
not touch it at any point. A second nut (c, fig. 8) above the effective nut fits 
easily, but somewhat accurately, in the hollow brass tube, but is prevented 
from turning round in the tube by a proper projection and slot. Thus the 
screw is rendered sufficiently steady, with reference to the sliding-tube ; that 
is to say, it is prevented from any but excessively small rotations round axis 
perpendicular to the length of the screw-shaft ; and when the nut is kept 
from being turned round its proper axis, it forms along with the sliding-tube 
virtually a rigid body. A carefully arranged spiral spring presses the two 
nuts asunder, and so causes the upperside of the thread of the screw-shaft 
always to press against the underside of the thread of the effective nut, 
thus doing away with what is technically called in mechanics " lost time." 
In turning the micrometer- screw, the operator presses its head gently down- 
wards with his finger, to secure that its lower end bears firmly upon the agate 
plate. It would be the reverse of an improvement to introduce a spring 
attached to the roof of the instrument outside to press the screw-head down- 
wards, inasmuch as however smooth the top of the screw-shaft might be 
made, and however smooth the spring pressing it down, there would still be 
a very injurious friction impeding the proper settiement of the sliding-tube 
into its Ys. A stiff fork (q) stretching over the graduated circle is firmly 

* In consequence of suggestions by Mr. Jenkin, it is probable that the spring may be 
done away with, and the v s replaced by rings approximately fitting round the tube, but 
leaving it quite free to fall down by its own weight. In consequence of the symmetrical 
position of the convex end of the screw over the centre of the attracted disk, slight lateral 
motions of the tube produce no sensible effect oii the electric attraction. 
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attaehed to tke roof cmtside^ to prevent the scFew from being lifted up bj 
more than a very small epaee, perhaps not more ihan Jg- of an inch at most. 
In using the instrament, the observer should occasionally pnll np the screw- 
head and press it down again, and give it small horizontal motions, to make 
sure that when he is using it it is pressed in properly to its Vs and down upon 
the agate plate. A long arm (d, figs. 8 and 9) (or two arms one above the 
other), firmly attached to the sliding-tube, carries a pointer which moves up 
and down with it. Two fixed guiding-cheeks on each side of this pointer 
prevent the tube from being carried round too far in either direction when the 
screw is turned : one of these cheeks is graduated so that each division is equal 
in length to the step of the micrometer-screw ; this enables the operator to 
ascertain the number of times he has turned the screw. These ti^o cheeks 
must never simultaneously press upon the sliding-pointer ; oo the contrary, 
they must leave it a slight amount of lateral freedom to move. If tMs 
does not amount to ?36 of a degree, the amount of '* lost time " produced by 
it will not exceed -jijj- of a division of the micrometer-cirde, and will not pro- 
duce any sensible error in the use of the instrument. A glass rod eamented 
to the lower end of the tube prolongs its axis downwards, and bears the 
continuous attracting-plate of the electrometer at its lower end. 

The object aimed at in the mechanism just described is to prevent the nut 
and other parts rigidly connected with it from any other motion than parallel 
to one definite line, and to leave it freedom to move in this line, unimpeded 
by any other friction than that which is indispensable in the arrangement 
for keeping the sUding-tube in its Ys. 

§ 25. If the inner tinfoil covering of the Leyden jar were completed up to 
the guard-plate bearing the aluminium balance, the long arm of this lever 
being in ihe interior of a hollow conductor would experience no electric in- 
fluence and no force from the electrification of the Leyden jar, or from 
separate electrification of. the upper attracting-plate, or, more strictly 
speaking, the electric density and consequent electric force on the long arm 
of the lever would be absolutely insensible to the most refined test we could 
apply, because of the smallness of the gap between the movable aluminium 
square and the boundary of the square aperture in the g^ard-plate. But to 
see the hair on the long end of the lever, and the white background with 
black dots behind it, a good portion of the glass under the guard-plate must 
be cleared of tinfoil outside and inside. Thus the electric potential of the 
inner coating of the Leyden jar will not be continued quite uniformly over 
the inner surface of the bared portion of the glass, and a disturbance affecting 
chiefly the most sensitive part of the lever will be introduced. To diminish 
this as much as possible without inconveniently impeding vision, a double 
screen of thin wire fences, in metallic communication with the inner tinfoil 
coating and the guard-plate, is introduced between the end of the lever and 
the glass through which it is observed. 

§ 26, A very light spiral spring (r) connects the upper attracting-plate with 
a brass piece supported upon a fixed vertical glass column projecting down- 
wards from the roof of the instrument. This brass piece bears a stout wire («), 
called the main electrode, projecting vertically upwards along the axis of a 
brass tube open at each end, fixed in ^n aperture in the roof so as to project 
upwards and downwards, as shown in ^g, 9. 

§ 27. The top of the main electrode bears a brass sliding-piece (<)» which, 
when raised a little, serves for umbrella and wind-guard without disturbing the 
insulation ; and when pressed down closes the aperture and puts the electrode 
in metaUie connexion with the roof of the instrument. When the instru- 
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ment is to be used for atino^pheric electricity (unless at a fixed station) a 
steel wire, about 20 centimetres long, is placed in the hole on the top of the 
sliding brass pieoe just mentioned, and is thus held in the vertical position. 
A burning match is attached to its upper end, which has the effect of 
bringing the potential of the chief electrode and upper attracting-plate 6lq, 
all to the potential of the air at the point where the match bums*. The 
instrument is either held in the observer's hand, or it is placed upon a fixed 
support, and care taken that its outer brass case is in connexion with the 
earth. When the difference of potentialB between two conductors is to be 
tested, one of these is connected with the brass case of the instrument, and 
the other with the chief electrode, the umbrella being kept up. If both 
of these conduccors must be kept insulated from the earth, the brass case of 
the electrometer must be put on an insulating stand, and the micrometer- 
screw turned by an insulating handle. 

§ 28. A lead cup {e e, fig. 8), supported by metal pillars from the roof and 
carrying pieces of pumice-stone, held in their place by India-rubber bands, 
completes the instrument. The inner surface of the glass must be clean, and 
particles of dust, minute shreds or fibres, &c. removed as carefully as possible, 
especially from the lower surface of the upper attraeting-plate, and the upper 
surface of the guard-plate and aluminium square facing it ^m below* The 
pumice is prepared by moistening it with a few drops of strong pure sulphuric 
acid. Ordinary sulphuric acid of commerce should be boiled with sulphate of 
anmionia to free it from volatile acid vapours, and to strengthen it sufficiently 
by removing water if the acid be not of the strongest. There should not be 
so much acid applied to the pumice as to make it have the appearance of 
bdng moist, but there must be enough to maintain a sufficiently dry atmo-^ 
sphere within the instrument for very perfect insulation of the Leyden jar, 
which I find does not in general lose more of its charge than 5 per cent, per 
week when the pumice is properly acidulated. Thus there is no tendency 
of the liquid to drop out of the pumice; and the pumice being properly 
secured by the india-rubber bands, the instrument may be thrown about 
with any force, short of that which might break the glass jar or either of 
the glass stems, without doing any damage ; but to ensure this hardiness 
the sheet aluminium of which the balance is made must be very thin. After 
several weeks' use the pumice may commence to look moist, and even slight 
traces of moisture may be seen on the outside of the lead cup, in conse- 
quence of watery vapour attracted by the sulphuric acid from the atmosphere ; 
but the pumice should then be taken and dried. At all events this must bo 
done in good time, before enough of liquid has collected to give any tendency 
to drop. In all climates in which I have hitherto tested the instrument, 
I have found the pumice effective for insulation and safe in keeping all the 
liquid tq itself for two months. But it having been reported to me by Mr. 
Becker that many instruments have been returned to him in a ruinous con- 
dition from drops of sulphuric acid having become scattered through their 
metal work, I now cause to be engraved conspicuously on the outer case of 
the instrument " pumice dangeeous, ip not dried oitcb i. month ; " also a 
frame carrying a card, on which the dates of drying are inscribed, to be 
placed in a convenient position on the roof of the instrument. 

§ 29. To prepare the instrument for use, the inner coating of the Leyden 
jar must be charged through a charging-rod, insulated in a vulcanite or 
glass tube and let down for the occasion through a hole in the roof of the 

» See Nichora Oyclopffidia, article "Electricity, Atmospheric," 2nd edition, 1860 j or 
Boyal Institution Lecture on Atmospherio Electricity, Mqy I860. 
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insisument, by aid of a Bmall electrophorns, which generally accompanies 
the instrument^ or by an electrical machine. I generally prefer to give a 
negative charge to the inner coating, as I have not foimd any phy- 
sical reason, such as that mentioned in § 9 above, to prefer a positive charge 
to a negative charge ; and the negative charge gives increased readings of 
the micrometer, in the ordinary use of the instrument, to correspond to 
positive charges of the principid electrode, as will be presently explained. 
[Before commencing to charge the jar, the upper attracting-plate should be 
moved to nearly the highest position of its range by the micrometer-screw, 
otherwise too stiong a force of electric attraction may be put upon the 
aluminium square ; and, besides, the jar will discharge itself between the 
upper plate and the extreme edge of the aluminium square, pulled as it is 
very much above the level of the guard-plate by the electric attraction. I 
have not found any injury or change of electric value of the scale-divisions 
to arise from any such rough usage ; but still, to guard against such a possi- 
bility, 1 propose to add to the guard-plate checks to prevent the comers of 
the aluminium from rising much, if at all, above its level, and to conduct the 
discharge and protect the aluminium and platinum from the shock, in case of 
the upper plate being brought too near the lower. When the instrument is 
being charged, or when it is out of use at any time, the umbrella should 
always be kept down ; but it must be raised to insulate the principal elec- 
trode, of course, before proceeding to apply this to a body whose difference 
of potential from a body connected with the case of the instrument is to be 
measured. 

§ 30. In using the instrument the umbrella must very frequently be lowered, 
or metallic communication established in any other convenient way between 
the chief electrode and the outer brass case, the micrometer-screw turned 
until the hair takes its sighted position, and the reading taken, the hundreds 
being read on the interior vertical scale, and the units (or single divisions of 
the circle) on the graduated circle above. The number thus found is called 
the earth-reading ; it measures the distance from an arbitrary zero positicm 
to the position in which the upper attracting-plate must be placed to give 
the amount of electric force on the aluminium square which balances the 
lever in its sighted position. A constant added to the earth-reading, or sub- 
tracted from it, gives (§ 1) a number simply proportional to the difference 
of potentials between the upper and lower plate ; that is to say, between the 
two coatings of the Leyden jar. The vertical scale and micrometer-circle 
are numbered, so that increased distances between the plates gives increased 
readings ; and the zero reading should correspond as nearly as may be to 
zero distance between them, although in the instruments hitherto made 
no pains have been taken to secure this condition, even som£what approxi- 
mately. If it is desired to know the constant, an electrical experiment 
must be made to determine it, which is done with ease; but this is not 
necessary for the ordinary use of the instrument, which is as follows. 

§ 31. First an earth-reading is taken, then the upper electrode is insulated 
by raising the umbrella, or otherwise breaking connexion between the prin- 
cipal electrode and the outer metal case of the instrument. The principal 
electrode and the outer case are then connected with the two bodies whose 
difference of potential is to be determined, and the micrometer-screw is 
turned until the hair is brought to its sighted position. The reading of 
hundreds on the vertical scale and units on the circle is then taken. Lastly, 
the principal electrode is again connected with the case of the instrument 
and another earth-reading is taken. If the second earth-reading differs 
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from the firsts the observer must estimate the most probable earth-reading 
for the moment when the hair was in its sighted position, with the npper 
plate and the metal case in connexion with the two bodies whose difference 
of potential is to be measured. The estimated earth-reading is to be sub- 
tracted from the reading taken in connexion with the bodies to be tested! 
This difference measures (§ 21) the required difference of potentials between 
them in units of the instrument. The value of the unit of the instrument 
ought to be known in absolute electrostatic measure ; and the difference of 
reading found in any experiment is to be multiplied by this, which is called 
(§ 1) the absolute coefficient of the instrument, to give the required dif- 
ference of potentials in absolute measure. It so happens that, in the 
portable electrometers of the kind now described which have been* hitherto 
constructed, the absolute coefficient is somewhere about *01, so that one turn 
of the screw, or 100 divisions of the circle, corresponds to somewhere 
about one electrostatic unit, with a gramme for the unit of mass, a centi- 
metre for the unit of distance, and a second for the unit of time ; but the 
different instruments differ from one another by as much as ten or twenty 
per cent, in their absolute coefficients. In all of these I have found between 
three and four DanieU's cells to correspond to the unit division ; that is to 
say, between three hundred and four hundred cells to a full turn of the 
screw. With great care, the observer may measure small differences of 
potentials by this instrument to the tenth part of a division (or to about 
half a Daniell's cell). With a very moderate amount of practice and care, 
an error of as much as a half division may be avoided in each reading. 

§ 32. But there are imperfections in the instrument itself which make it 
difficult or impossible to secure very minute accuracy, especially in measure- 
ments through wide ranges. 

(1) In the first place, I am not sure that the end of the needle 
carrpng the hair is protected sufficiently by the wire fences (§ 25) from 
electric disturbance to provide against any error from this source, which 
possibly introduces serious irregularities. 

(2) In the second place, the capacity of the jar in the small portable 
instrument is not sufficient to secure that the potential of its inner coating 
shall not differ sensibly with the different distances to which the upper plate 
is brought to balance the aluminium lever with the hair in its sighted po- 
sition. But on this point it is to be remarked that the electric density on 
the upper surface of the guard -plate is in its central parts always the same 
when the hair is in its sighted position ; and it is therefore only the compa- 
ratively small difference of the quantity of electricity on this surface, towards 
the rim, corresponding to different distances of the attracted plate, that 
causes difference of potential in the inner coating of the jar. But if the upper 
attracting-plate be kept for several minutes at any distance, differing by a 
few turns of the screw, from that which brings the hair to its sighted 
position, the electricity creeps along the inner unconnected surface of the 
glass, so as to increase the charge of the inner metallic coating or diminish 
it, according as the distance is too great or too small. If then quickly the 
screw be turned and the earth-reading taken, it is found greater or smaller, 
as the case may be, than previously ; but after a few minutes more it returns 
to its previous value very approximately. Error from this source may be 
practically avoided by taking care never to allow the hair to remain for more 
than a few minutes far from its sighted position — never so far, for instance, 
as above the centre of the upper, or below the centre of the lower dots. 

(3) A third source of error arises from change of temperature influencing 
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the indieations. In most of the instromenta hitherto made I ha?d found 
that the warmth of the hand produces in a few minutes a very notable aug- 
mentation of the earth-reading (as it were an increased charge in the jar) ; 
but in the last instrument which I have tested (White No. 18) I find the 
reverse effect, the earth-reading becoming smaller as the instrument is 
warmed, or lai^er when it is cooled. I have ascertained that these changes 
are not due to changes in the electric capacities of the Lejden jars ; and I 
have found that the change, if any, of specific inductive capacity of ^ass by 
change of temperature is excessively smsDl, in comparison to what would be 
required to account for the temperature errors of these instruments, which 
probably must be due to thermo-elastic properties of the platinum wire, or 
of the stretching-springs, or of the aluminium balance-lever, or to a com- 
bination of the effects depending on such properties ; but I have endeavoured 
in vain, for several years, and made many experiments, to discover the precise 
pause. It surely will be found, and means invented for remedying the error, 
now that I have an instrument in which the error is in the opposite 
direction to that of most of the other instruments. It is of course much 
greater in some instruments than in others : in some it is so great that the 
earth-reading is varied by as much as twenty divisions by the warmth of the 
hand in the course of five or ten minutes after commencing to use the 
instrument, if it has been previously for some time in a cold place. Its in- 
fluence may be ehminated, not quite rigorously, but nearly enough so for most 
practical purposes, by frequently taking earth-readings (§ 30) and proceeding 
according to the directions of § dl. 

(4) A fourth fault in the portable electrometer is, that the diameter of 
the guard-plate and upper attracting-disk, which ought to be infinite, are not 
sufficiently great, in proportion to the greatest distance between them, to 
render the scale quite uniform in its electric value throughout. A careful 
observer, however, will remedy the greater part of the error due to this 
defect, by measuring experimentally the relative (or absolute) values of the 
scale- division in different parts of the range. There will, however, remain 
uncorrected some irregularity, due to influence of the distribution of elec- 
tricity over the uncoated inner surface, in the instruments as hitherto made, 
in aU of which the inner surface of the jar is coated with tinfoil only below 
the guard-plate,, so that the upper surface of the guard-plate maybe seen 
clearly, in order that the observer may always see that all is in order about 
the aluminium square and aperture round it ; and particularly that there 
are no injurious shreds or minute fibres. But the irregular influence of the 
electrification of the uncoated glass, if found sensible, will be rendered insen- 
sible by continuing the tinfoil coating an inch above the upper surface of 
the guard-plate. 

§ 33. All faults, except the temperature error, depend on the smaUness of 
the instrument ; and if the observer chooses to regard as portable an instru- 
ment of thirty centimetres (or a foot) diameter, with all other dimensions 
and all details of construction the same as those of the instrument described 
above, he may have a portable electrometer practically free from three of the 
four faults described. But it is scarcely to be expected that a small instru- 
ment (12^ centimetres high, and 8^ centimetres in diameter) which may be 
carried about in the pocket can be free from such errors. They are, 
however, so far remedied as to be probably not perceptible in the large 
stationary instrument which I now proceed to describe. 
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§ 34. This instrument (figs. 12, 13, & 14, Plate YI.) differs from tbe portable 
electrometer oply in dimensions^ and in certain mechanical details, which are 
arranged to give greater accuracy by taking advantage of freedom from the exi- 
gencies of a small portable instrument. It is at present called the standard 
electrometer^ in anticipation of either remedying or of learning to perfectly 
allow for the temperature error, and of finding by secular experiments on the 
elasticity of metals that their properties used in the instrument are satisfactory 
as regards tb^ permanence from year to year, and from century to century, of 
the electric yalue of its reading. It is an instrument capable of being applied 
with great pase to very accurate measurements of differences of potential, in 
terms of its own unit. The value of the unit for each such standard instru- 
ment ought, of course, to bp determined with the greatest possible accuracy 
in absolute measure i and until confidence can be felt as to its secular con- 
stancy, determinations should frequently be made by aid of the absolute 
electrometer. 

§ 35. The Leyden jar of the standard electrometor consists of a large thin 
white-glass shade coated inside and outside to within 6 centimetres of its lip, 
and placed oyer the instrument as ^.n ordinary glass shade, to protect against 
dust, currents of air, and phange of atmosphere. It may be removed at plea-, 
sure from the cast-iron sole of the instrument, and then the interior works 
are seens consisting of : — 

(1) A continuous disk of brass supported on a glass stem, in prolongation 
of a stout brass rod or tube sliding vertically in Ys, in which it is kept by 
a spring, and resting with its lower ^at end on the upper end of a micrometer* 
screw shaft, shown in fig. 13, where the screw, graduated circle, and stout 
brass rod are as seen in the instrument ; the perforated brass disk (which is 
Intended to keep the round upper end of the screw-shaft in position) is 
shown in section in ^. 14. 

(2) Besting on three glass columns, a guard-plate with a square aperture 
in its centre, and carrying on its upperside stretching-springs and thin plati- 
num-wire suspension of an aluminium balance-lever, shaped like those of the 
gauge (§ 13) and the portable electrometer (§ 23) abready described, but some- 
what larger. The tops of the three glass columns are rounded ; a round hole 
and a short slot in line with this hole are cut in the guard-plate and receive the 
rounded ends of twq of the columns, which are somewhat longer than the third. 
The flat smooth lower surface of the guard-plate rests simply on the top of 
the third glass column. The diameter of the round hole and the breadth of 

tbe slot in the guard-plate may be about—j-, of the diameter of curvature of 

the upper hemispherical rounded ends of the glass column, so that the 
bearing portions of the rounded ends in the round hole and in the slot re- 
spectively may be inclined somewhere about 45° to the plane of the plate. 
This well-known but too often neglected geometrical arrangement gives 
perfect steadiness to the supported plate, without putting any transverse 
strain upon the supporting glass columns, such as was almost inevitable, and 
caused the breakage of many glass stems, before mental inertia opposing 
deviations from the ordinary instrument-maker's plan (of screwing the guard- 
plate to brass mountings cemented to the tops of the glass columns) was over- 
come. It has also the advantage of allowing the guard-plate to be lifted off 
and replaced in a moment. 

(3) Principal eiectrpde projecting downwards through a bole in the sole 
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of the instmmenty and rigidly supported from above by a brass mouniiiig 
cemented to the top of a thick vertical glass column^ connected by a light 
spiral spring with the lower attracting-plate moved up and down by the 
micrometer-screw. The aperture round the principal electrode may be 
ordinarily stopped by a perforated column of well-paraffined vulcanite pro- 
jecting some distance above and below the aperture, which I find to insulate 
extremely well, even in the smoky, dusty, and acidulated atmosphere of 
Glasgow. When an extremely perfect insulation of the principal electrode 
and connected attracting-plate is required, the vulcanite stopper surrounding 
it may be removed, so that the only communication between the electrode 
and the case of the instrument may be along the two glass columns in the 
artificially dried interior atmosphere of the case ; but from day to day, when 
the instrument is out of use, the aperture round the principal electrode should 
be kept carefully stopped, if not by a vulcanite insulator, by a perforated cork 
(although I find but Uttle loss of insulation, either by the inner glass surface 
of the Leyden jar or by the three glass columns, when this precaution is 
neglected). 

(4) Temporary charging-rod supported by a vertical perforated column of 
paraffined vulcanite, or a glass tube well varnished outside and thickly paraf- 
fined inside. The insulating column bearing this charging-rod is turned 
round till a horizontal spring projecting from its upper end touches the inner 
coating of the jar, when this is to be charged from an independent source, 
or when, for any other experimental reason, it is to be put in connexion with 
a conductor outside the case of the instrument. 

(5) A small replenisher of the kind described for the quadrant electrometer 
(§ 12), but with much wider air-spaces to prevent discharge by sparks. 

(6) A large glass or lead dish to hold as large masses of pumice as may be, 
which are to be kept sufficiently impregnated with strong sulphuric acid. 

§ 36. A considerable portion of the jar above the guard-plate is left un- 
coated to allow the observer to see easily the hair and white background with 
black dots ; also several other smaller parts of the glass above the guard-plate 
are left uncoated to admit light to allow a small circular level on the upper 
side of the guard-plate to be seen. The long arm of the aluminium balance- 
lever is very thoroughly guarded by double cages and fences of wire (§' 25), 
so that it can experience no sensible influence from electric disturbing forces 
when the covering jar is put in position and electric connexion is established 
between its inner coating and the guard-plate by projecting flexible wires or 
slips of metal. 

§ 37. The aluminium square plate is somewhat larger and the platinum 
bearing wire somewhat longer in this instrument than in the portable electro- 
meter, to render it sensible to smaller differences of potential. The step of 
the screw is the same as in the portable (^ of an inch), and one division 
(.j-j^ of the circumference of the screw-head) corresponds to a difference of 
potentials which, roughly speaking, is equal to about that of a single cell of 
Daniell's. The effective range of the instrument is about sixty turns of the 
screw, and therefore about 6000 cells of Daniell's ; that of the portable 
electrometer is about 15 turns of the screw (equivalent to about 5000 cells). 
Neither of these instruments has sufficient range to measure the potential to 
which Leyden jars are charged in ordinary electric experiments, or those 
reached by the prime conductor of a powerful electric machine. The stationary 
instrument with its long screw and its large plates now described would 
go far towards meeting this want if its aluminium lever and platinum sus- 
pension were made on the same scale as those of the portable electrometer ; 
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but for an instniment never wanted to directly measure differences of poten-- 
tials of less than two or three thousand cells, the heterostatic (§ 40) principle 
is in general not useful ; and therefore I have constructed the following very 
simple idiostatic (§ 40) instrument, which is adapted to measure with con- 
siderable accuracy differences of potential from 4000 cells upwards to about 
80,000 cells. 

LoKa-BAKGS Electboheteb. 

§ 38. In this (fig. 15, Plate YI.) the continuous attracting-plate is above, 
and the guard-plate with aluminium balance below, as in the portable elec- 
trometer; but, as in the standard stationary electrometer, the upper plate is 
fixed and the lower plate is moved up and down by a micrometer-screw. The 
mechanism of the screw and slide has all the simplicity and consequent accu- 
racy of that of the standard electrometer. In the only long-range instrument 
yet constructed the step of the screw is the same as that of the others (^^ of 
an inch). In future instruments it would be well either to have a longer step 
or to have a simple mechanism (which can be easily added) to give a quick 
motion, as in the use of the present instrument the turning of the screw re- 
quired for great changes of the potential measured is very tedious. The guard- 
plate projects by more than an inch all round beyond the rim of the upper 
attracting-plate — ^partly to obviate the necessity of giving it a thick rim, which 
would be required to prevent brushes and sparks originating in it if it had 
only the same diameter as the continuous plate above, and partly to guard 
the observer from receiving a spark or shock in measuring the potential of 
an electric machine or of a Leyden battery, and to prevent the hair from being 
attracted to the upper plate. Thus the guard-plate is allowed to be no thicker 
than suffices for stiffness ; and this allows the observer to see the hair at the 
end of the aluminium balance-lever without the lever being made of a dy- 
namically disadvantageous shape, as would be necessary if the guard-plate 
were thick or had a thick rim added to it. l^o glass case is required for this 
instrument. The smaUness of the needle and the greatness of the electric 
force acting on it are such that I find in practice no disturbance to any in- 
convenient degree by ordinary currents of air; although it and all these 
attracted disk instruments show the influence of sudden change of baro- 
metric pressure, such as that produced by opening or shutting a door. If 
not kept under a glass shade when out of use, the lower surface of the upper 
attracting-plate and the lower surface of the guard-plate and attracted alu- 
minium square should be carefully dusted by a dry cool hand. Generally 
speaking, none of the vital electric organs of an electrometer should be 
touched by a cloth, as this is almost sure to leave shreds fatal to their healthy 
action. 

§ 39. The effective range of this instrument is about 200 turns of the screw ; 
rather greater force of torsion is given than in the portable electrometer, and 
a rather smaller attracted disk may bo used, so that upwards of four cells 
may be the electric value of one division. The instrument in its present state 
measures nearly, but not quite, the highest potential I can ordinarily produce 
in the conductor of a good Winter's electric machine, which sometimes gives 
sparks and brushes a foot long. 

§ 40. The classification of electrometers given above is founded on the shape 
and kinematic relations of their chief organic parts ; but it will be remarked 
that another principle of classification is presented by the different electric 
systems used in them, which may be divided into two classes ; — 
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I. Idiostatic, that in wMch the whole electric force defends oil the electri= 
fication which is itself the subject of the test; 

n. Heterostatic, in which, besides the electri^dation to be tested, aiiothet 
electrification maintained independently of it is taken advantage of* 

Thus, for example, the long-range electrometer (§§ 38, 39) is simply 
idiostatic and is not adapted for heterostatic use ; but each of them may be 
used idiostatically. The absolute electrometer was at first simply idiostatic 
(§§ 17-21) ; more recently it has been used heterostatically, and is about to 
acquire (§ 22) special organs adapted for heterostatic use ; as yet, however, 
no species of the absolute electrometer promising perlnanence has come into 
existence. 

§ 41i It is instructive to trace the origin of various heterostatic species of 
electrometers by natural selection. A body hanging, ot otherwise symmetri- 
cally balanced, in the middle of a symmetrical field of force, but free to move 
in one direction or the other in a line tangential to a line of force, moves in 
ono direction or the opposite when electrified positively o^ negatively. 
Bohnenberger's arrangement^of this kind has a convenient and approximately 
constant field of force • and his instrument was chosen in prefference to others 
which may have been equally sensitive, but Were less convenient and constant, 
and it became a permanent species. 

§ 42. Bonnet's gold-leaf electroscope, constructed with carfe to secure good 
insulation, electrified sufficiently to prodtice a moderate divergence, has been 
often used to test, by aid of this electrification, the qiiality of the electrifica* 
tion of an electrified body brought into the neighbourhood of its uppei* pro- 
jecting electrode, causing, if its elasticity is of the same sign as that of thd 
gold leaves, increase of divergence ; if of the opposite sign, diminution. By 
connecting the upper electrode with the inner coating of a Ley den jar with 
internal artificially dried atmosphere, the charge of the gold leaves may be 
made to last with little loss from day to day ; and by insulating Faraday's 
metal cage (§ 2) round the gold leaves and alternately connecting it with 
the earth and with a conductor whose difference of potentials from the earth 
is to be tested, an increase or a diminution of divergence is observed accord- 
ing as this difference is negative or positive, the gold leaves being positive. 
Hence (through Peltier's and Delinann's forms) the heterostatic stationary and 
portable repulsion electrometers, described in the Boyal Institution Lecture 
on " Atmospheric Electricity" and in Nicbol's Cyclopaedia, article "Electricity, 
Atmospheric," already referred to, of which one species still survives in 
King's College, Nova Scotia, and in the Natural Philosojihy Class-room of 
Edinburgh University. The same fbrm 
of the heterostatic principle applied to 
Snow Harris's attracted-disk electro- 
meter gave the portable and standard 
electrometers described above. 

§ 43. A modification of Bohnenberget'd 
electroscope, in which the two knobs 
on the two sides of the hanging gold leaf 
became transformed into h^ves of a 
circular cylinder, with its axis horizon- 
tal and. the gold leaf hung on a wire 
insulated in a position coinciding with 
its axis, producing a species designed 
for telegraphic purposes, but which did 
not acquire permanence by natural so- 
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lection, and is only known to exist in one fossil specimen. In this instrument 
the wire hearing lie gold leaf was connected with a charged Leydenjar, and 
the semicylinders with the bodies whose diflference of potential was to he 
tested. But various modifications of the divided-cylinder or divided-ring 
class with the axis vertical and plane of motion horizontal have done some 
practical work, and one species, the new quadrant electrometer (§ 6), pro- 
mises to become permanent. 

§ 44. The heterostatic principle in one form or other is essential to distin- 
guish between positive and negative. As remarked above (§ 42), the originai 
type of this use of it is to be found in the old system of testing the quality 
of the charge taken by the diverging straws or. gold leaves of the electroscopes 
used for the observation of atmospheric electricity, which was done by 
bringing a piece of rubbed sealing-wax into the neighbourhood, and observ- 
ing whether this caused increase or diminution of the divergence. A doubt 
which still exists as to the sign* of the atmospheric electricity observed by 
Professor Piazzi Smyth on the Peak of Teneriffe, is owing to the imperfection 
of this way of applying the principle. It is, indeed, to be doubted in any one 
instance whether it is not vitreous electricity that the rubbed sealing-wax 
acquires ; and, again (§ 2), it is not certain that the glass case enclosing the 
gold leaves, especially if very clean and surrounded by a very dry natural 
atmosphere, screens them sufficiently from direct influence of the piece of 
sealing-wax to make sure that the divergence due to vitreous electricity could 
not be increased by the presence of the resinously electrified sealing-wax if 
held nearer the gold leaves than the upper projecting stem. 

§ 45. The heterostatic principle has a very great advantage as regards 
sensibility over any simple idiostatic arrangement, inasmuch as, for infinitely 
small dififerences of potential to be measured, the force is as .the squares of 
the diiferences in any idiostatic arrangement, but is simply proportional to 
the difierence in every heterostatic arrangement. 



VI. betenminaiion of the Dynamical Equivalent of Meat from the thermal 
effects of Electric Currents. By J. P. Joule, D.CL.^ FM,8,y ^<J. 

Sir W. Thomson, as long ago as 1851, showed that it was desirable to 
make experiments such as are the subject of the present paper. They havtt 
necessarily been delayed until a sufliciently accurate method of measuring 
resistance was discovered. Such a method having been described by Sir 
William, and carried out into practice by Professor Q. Maxwell and his able 
coadjutors, the task assigned to me by the Committee of Electric Standards 
was comparatively simple. 

My experiments were commenced nearly two years ago, and the apparent 
ease with which they could be executed gave promise of their early com- 
pletion. It was, however, found essential that careful observations of the 
earth's horizontal magnetic intensity should be frequently made, and these 
required the construction of apparatus whereby this element could be deter^ 
mined with accntacy and rapidity. 

The apparatus finally adopted for this purpose consists of a suspended 
horizontal flat coil of wire between two fixed similar coils. A current of 
electricity can be made to traverse all three, communication with the sus- 

* Nicbol's Cyclopcedia, article " Electricity, Atmospheric," edition 1860. 
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panded coil being made by the suspending wires tbemijolvea according to Sir 
W. Thomson's plan. The strength of a current is found by observing the 
sum of the forces of attraction and repulsion by which the suspended coil is 
urged. The strength of a current can in this manner be determined in ab- 
solute measure ; for the area of each of the three equal coils being called 
a, the weight required to counterpoise the force with which the suspended one 
is urged w^ the force of gravity g, and the length of wire in each of the coils 

I, the current <'=2z\/ ~^ (^ + correction), the correction being principally 

due to the distance between the fixed coils. In my instrument, in which 
this distance is 1 inch, the diameter of the coils being 12 inches and their 
interior core 4 inches, this correction was proved by experiment to be 
•1185. 

There was, however, considerable difficulty in obtaining an exact measure 
of the distance between the fixed coils ; and I therefore judged that the mea- 
sure of the currents used in the experiments would be most accurately 
obtained by means of a tangent galvanometer, the above-described current- 
meter being employed to determine the horizontal intensity. 

This determination was effected as follows : — ^Many careful observations 
of the horizontal intensity by an improved method on Gauss and "Weber's 
system were made alternately with observations of the deflections of a 
tangent galvanometer and the weighings of the current-meter when the 
same currents traversed both instruments in succession. Then calling the ho- 
rizontal intensity H, the angle of deflection 0, and the weighing w, there was 

H tan Q 
obtained a constant c= — 7=—= 47676. Hence with these instruments 

^"- tan 6 • 

The experiments for the determinations of horizontal intensity by the use 
of this formula could be effected in a few minutes, and did not require an 
alteration in the disposition of any part of the apparatus. It was satisfac- 
tory to find that, although the presence of masses of iron at only a few yards 
distance made the field in which I worked considerably more intense than 
that due to the latitude, and although I worked at different times of the day, 
the highest intensity, out of upwards of seventy observations distributed over 
a year, was 3*6853, and the lowest 3*6607, indicating a much greater degree 
of constancy than might have been expected. 

The galvanometer above mentioned was that employed in the thermal 
experiments. It had a single circle of j^-inch copper wire, the diameter 
of which, being measured in niany places by a standard rule, gave a radius 
of * 62723 of a foot. The needle was half an inch long, and furnished with 
a glass pointer traversing a divided circle of 6 inches diameter. In the experi- 
ments the deflections were not far from 26° 34', the angle at which the influ- 
ence of the length of the needle within certain limits is inappreciable. It 
was easy by a magnifier, arranged so as to avoid parallax, to read to one 
minute. The torsion of the fibre gave only 3' -5 for an entire twist. The 
trifling correction thus required is applied to the recorded observations of 
deflection. 

The calorimeter first used was a copper vessel upwards of a gallon in 
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capacity, filled with distilled water. It had a conical lid, attached by screws, 
in which were two tubulures, one for the introduction of a copper stirrer, 
the other for the thermometer, around the immersed stem of which a wire of 
platinum silver, having a resistance nearly equal to that of the Association 
unit, was coiled. 

The resistance of the wire was found by comparing it with the Association 

unit, sent me by the Committee, using Ohm's formula, B=p^( c^^c r ^^^^ 

C3, C,, and G^ are the tangents of defection with the battery and connexions 
only with these and the unit and with the coil respectively. This, though 
by no means so delicate a method as that of the Wheatstone balance im- 
proved by Thomson, was able to give a final result certainly accurate to the 
two-thousandth part. The results for the resistance of the coil in the first 
series of experiments are as follow. They were obtained before and after 
those experiments. A large galvanic cell, consisting of cast iron and amal- 
gamated zinc plunged in dilute sulphuric acid, was the source of electricity, 
which was measured by a galvanometer with a coil of nine turns, 17 inches 
in diameter. 

n n n Temperature Temperature ^»?*»n<» ^^ 

of unit 

tan 55 6-75 tan 28 18 tan 28 1-3 63-7 62-65 1-01901 

tan 59 32-5 tan 32 39-6 tan 32 22 59-24 58-39 1-01825 

The average resistance 1-01863 being reduced from the temperature 14^*5 
Cent., at which the unit was adjusted, to 69°-9 Fahr., the average tempera- 
ture of the calorimeter in the first series of experiments, becomes 1-0191, 
which, multipUed by 32808990, gives 33435640 as the resistance in British 
absolute measure. 

A delicate thermometer was placed at a few inches distance from the 
calorimeter, for the purpose of registering the temperature of the air. In 
the Tables its indications are reduced to the scale of the instrument plunged 
in the calorimeter. A string attached the handle of the stirrer to a stick, so 
that the water could be eficctually stirred without communicating the 
heat of the hand. A wooden screen separated the observer from the ap- 
paratus. 

In the experiments of the first series a battery of five large Dan ielFs cell?, 
arranged in series, transmitted the current through the coil for 40' exactly, 
determined by chronometer. During this time twenty-eight observations of 
deflection were obtained, seven at each end of the pointer directed N.E. and 
S.W., and seven when it was directed N.W. and 8.E. by reversing the current 
in the galvanometer for the latter half of the time. The water was stirred 
twenty-eight times. Its temperature was taken at the beginning, middle, 
and end of an experiment. There were also fourteen observations of the 
temperature of the air. 

Immediately after each experiment the horizontal intensity of magnetic 
force was obtained by observing the deflection of the galvanometer and the 
weighing of the current-met«r produced by the same current. 

Before and after each experiment, two others were made in precisely the 
same manner, but excepting the current, in order to discover the influence of 
radiation and the conducting power of the atmosphere. 



178 



First Series of Thermal Experiments, 







fflTI^ 


Tempera- 


Tempera- 


Kiseof 


Horizontal 


Date. 


Deflection. 


laii • 

Deflection. 


ture of 

• 

air. 


ture of 
water. 


tempera- 
tiure. 


intensity. 


1866. 


* 












Aug. 22 . . . 


32 46*86 


•414719 


492*36 


497*42 


a3-55 


3-6763 


„ 13... 


34 0*29 


•455133 


494*77 


493*27 


2565 


3*6815 


Sept 8... 


32 2483 


-403156 


400*4 


401*8 


22*8 




M 10... 


31 50*22 


•38554a 


441*11 


433*85 


22*214 


3*6737 


» II ••• 


31 31*02 


•376024 


367*6 


392*89 


18*51 


3-6758 


M 12... 


31 14*42 


*367944 


344*33 


344*45 


21*9 


3-6656 


„ 13... 


30 57*51 


-359850 


361*54 


35847 


2095 


3*6671 


„ 15... 


30 24*86 


•344607 


346-7 


330*01 


21*98 


3-6638 


» 15.- 


30 20*51 


'342610 


381-41 


367*56 


21*07 


3*671 1 


» 18... 


30 34*34 


•348982 


342*64 


3*4*31 


22*29 


3*6607 


Average... 




-379857 


397*226 


394*406 


22*0914 


3-67073 





First Series of Radiation Experiments, 



Date. 


Temperature 
of air. 


Temperature 
of water. 


Else of tem- 
perature of 
water. 


1866. 
Auff. 22 


495*93 
502*22 

47637 
490*81 

393*5 
395*82 

444*31 
437*15 
373*07 
367-14 

334*0 

365-34 
352*82 
366*65 
330*78 

381*47 

37893 
381*05 

326*99 
339*9 


46914 

477*83 
45896 

499*22 

382*75 

414' 1 5 
419-4 

396-96 

38472 

391-76 

332-42 

360*2 

343*" 
369*16 

315*41 
347*14 
350-67 

379*51 
309*28 

338-35 


2*88 

3*'5 
3*08 
-0-55 
2*0 

-1*7 
2-9 

4*83 
—0*63 

-1*75 
o*44 

1*6 

1-83 

— o*o8 

278 

3*7» 
3*34 
0*22 

a*55 
0*04 




Aue. zt 


**•**©• "0 • 


Sept. 8 




Sept. 10 




Sept. II 




Sept. 12 




Sent. 17 


t^^V^tl, * J ......... 


Sept. ic 


K#V^V. S^......... 




»» 

Sept. 18 






Ayeraee 


373-058 


364*686 


1*3806 





In appl3diig the preceding Table for the purpose of correcting the results 
of the thermal experiments, it must be first observed that the external influ- 
ences on the calorimeter are not zero when the temperature of the air-ther- 
mometer coincides with the indication of that immersed in the calorimeter. 
This might arise partly from the locality of the two instruments not being 
the same, but was, I found, principally owing to the different. radiating and 
absorbing powers of the air-thermometer bulb and of the surface of the 
calorimeter. Taking, then, the number of instances in which the tempera- 
ture of the air appeared to exceed that of the water, there are fifteen, with a 
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total excess of 259-63 and a resulting gain of temperature of 35-36 ; also 
those in which the air appeared to he colder than the water were five, giving 

a total deficiency of 65-5 with a loss of temperature 4-71. Hence ^^'^""^^ 

259-63+16a? , a aio x.- x. x v :.:. ^ x ., . . 

= og:^ » whence a?=4-4l8, which must be added to the indications 

of the thermometer registering the temperature of the air. After this cor- 
rection has been made, it will be found that the effect of a difierence of tem- 
perature between the air and water of 9-216 is unity. 

4-418 added to 397-226 gives 401-644 for the corrected temperature of 
the air in the thermal experiments ; and this being 7*238 in excess of the 
temperature of the calorimeter, the corrected thermiJ effect will be 22-0914— 

7-238 

^——=21-306, which, after applying the needful correction for the immersed 

portion of the thermometer-stem, becomes ultimately 21*326. 

The thermal capacity of the calorimeter was made up of 95525 grains of 
distilled water, 26220 grains of copper, equivalent to 2501 grains of water, 
and the thermometer and coil equivalent to 80 grains, giving a total capacity 
equal to 98106 grains of water. 12-951 divisions of the thermometer are 
equivalent to one degree Fahr. 

The djrnamical equivalent is the quotient of the work done by the 
thermal effect, or 



{^"}" 



tan'^aE^ 



( 



'^^lll X 3-67073 I ' X -379857 x 33435640 y 2400 
^^^ mm 25335. 



12-951 



X 98106 



It appeared to be desirable to diminish the atmospheric influence; I 
therefore commenced a second series, in which the calorimeter was covered 
with two folds of cotton wadding. The bulb of the air-registering thermo- 
meter was also placed in a small bag made of the same material. In this 
fresh series each experiment occupied one hour, as I had learned by experi- 
ence that with my battery arrangement the current would be sufficiently 
uniform. In fact the highest reading in an experiment was not more than 
-^ higher than the lowest. There were, evenly distributed through the 
hour, forty observations of deflection, twenty of the air, and three of the 
water-thermometer ; and the water was stirred forty times. Two minutes 
were allowed for the complete equalization of temperature previous to the 
final thermometer reading. The experiments on radiation were also similarly 
extended. 

The coil was the same as that used in the first series ; it had a coat o 
shellac varnish. Eive determinations of its resistance were made, using a 
single Daniell's cell with various resistances included in the circuit. The 
galvanometer had a coil 17 inches in diameter consisting of nine turns. The 
results are as follow : — 
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Tempera- 


Tempera- 


Resistance of 


Cs. 


C,. 


C|. 


ture of 


tare of 


coil in terms 








unit 


ooiL 


of unit. 


o / 


/ 


i 










tan 79 395 


tan 52 33*3 


tan 52 9*3 


5925 


586 


1*0192 


tan 71 39*5 


tan 47 17*06 tan 46 55*6 


48*6 


48*5 


1*0198 


tan 70 16 


tan 46 18*11 


tan 45 57*4 


54-68 


57*4 


I -01 94 


ton 71 54*33 


tan 47 7*66 


tan 46 45*93 






1*0198 


tan 62 6 


tan 41 30*43 


tan 41 13*46 






1*0187 


Average 











1*01938 



The average temperature of the calorimeter in the experiments being 
13^*55 Cent, and that at which the unit was adjusted 14^*5, the resistance 
during the experiments must have been 1*01906, which is equal to 33434330 
in British measure. 

The correction to be applied to the thermometer immersed in air as de- 

A ^^^^ ^i. I. rr VI *. • V 123*66— 12a? 356*65+18j? , 

dnced from the above Table is given by =-7-— = 7;-;^-^^ > whence 

^ ^ 12*74 30*99 ' 

ofssz — 1*1835. It appears also that a difference between the temperatures of 
the calorimeter and air-registering thermometer so corrected, equal to 10*822, 
gives the unit effect on the former. 

Hence the corrected indication of the air-thermometer in the second series 
of thermal experiments will be 349*63— 1*1835=348*4465. This being 
12*5345 in excess of the temperature of the calorimeter, the corrected 

thermal effect wiU be 25*65- 1^^^5^=24*4917, which, after a smaU further 

10*822 

correction for the immersed stem, becomes 24*512. 

The thermal capacity in this second' series was made up of 95561 grains 



Second Series of Thermal Experiments. 



Date. 


Deflection. 


tan«. 
Deflection. 


Tempera- 
ture of 
air. 


Tempera- 
ture of 
water. 


Kiseof 
tempera- 
ture. 


Horizontal 
intensity. 


1866. 
Sept. 21 ... 
i» 22 ... 
»» 25 ••• 
„ 26... 

»» 27 ... 

Oct. 5 ... 

M 6 ... 

»» 8 ... 
„ 19 . . . 
>, 20 ... 
»» 22 ... 
ft 23 ... 
• »» 25 ... 
„ 26 ... 

f> 27 ... 


J 
29 51*68 

28 584 

29 14*63 

29 51*46 

28 54*78 

29 5*05 
28 22*54 

28 8*74 

28 42*81 

27 40*13 

26 40*5 

27 28*1 

27 9*63 

27 42*56 

28 7*84 


329623 
•306585 
*3i3472 
•329525 
•305064 
•309393 
•291761 
•286198 
•300074 
•274910 
•252409 
•270252 
•263230 

•275855 
•285838 


397*4 
362*51 

345*19 
370*84 

365*91 
380*66 

426*55 

338*49 
39856 

395*18 

371*72 

320*07 

275*65 
249*75 
24596 


363*42 
348*06 

38694 
350-64 
361*71 

387*57 

392*77 

335*54 

332*35 
361*90 

38863 

318*09 

28625 

257*54 
247*27 


30*38 

2695 

29*75 
29*92 

25*88 

24*90 

27*40 

24*04 

31*08 

26*08 

19*12 

22*55 
20*98 

22*15 

23*57 


3*6668 
3*6707 
36724 
3*6644 
3*6665 

3*66 12 

3*6688 

36595 
3*6659 

3*6654 

3*6702 

3*6638 

3*6620 

3*6623 

3*6641 


Average ... 


♦• 


•292946 


349*63 


335*912 


2565 


3*6656 
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Second Series of Radiation ExperimenU. 



Date. 


Temperature 
of air. 


Temperature 
of water. 


Bise of tem- 
perature of 
water. 


1866. 
Sept. 21 


37884 
390-13 
326*32 

360*71 

330*67 
347*56 
352*'5 
377*56 
355*8i 
3880 

376-9 
3858 
402-94 
433*28 

3'9*5 
356-02 

365*08 

398*49 

357*9 

395*66 

371*24 

362*7 

197-96 

334-07 

261-67 

277*59 

233*31 

26437 

237*05 
251*15 


344*95 
381-34 

334*37 
361-13 
287-94 
326-13 
333*»2 
368-12 

347*9 

37569 

375*04 

396*95 

376-47 

4"*33 

323*51 

34779 

303*94 

356*29 

344-OI 

377*40 

380-45 

39244 
305*0 

329*05 

277-01 

294*31 
247-61 

265-97 
234-85 

257-24 


« 

3*o 

0*32 
-0-43 
-0-41 

405 

'•59 
2-12 

0-70 

0-74 

1-31 

0* 

-1*15 

2'13 

1-52 

—0*29 

o*33 
5*95 

i*6i 

1-43 

-0-95 

-3*18 

—0-50 

o*5 

— 1-26 

-1*86 

— 1*40 
-0-66 

0*1 
—0*65 




Sept. 22 




Sept. 25 




Sept, 26 




Sept. 27 


^^x^ / 


Oct 5 




Oct. 6 


Oct. 8 




Oct. 19 


»» ........ 

Oct 20 


Oct. 22 




Oct. 23 




Oct. 25 


Oct 26 




Oct. 27 






Averafire 


■ 343*011 


335245 


0*6083 





distilled water, copper as water 2601, thermometer and coil as water 80, 
and cotton-wool as water 200 grs., giving a total of 98342 grains. 
The eqaivalent, as deduced from the second series, is therefore 

•62723 






a oQQo X 3-6656 1 ' X.-292946 x 33434330 x 3600 



24-512 
12-951 



=25366. 



X 98342 



The equivalents obtained in the two foregoing series of experiments are 
as much as one-fiftieth in excess of the equivalent I obtained in 1849 by 
agitating water. I therefore instituted a strict inquiry with a view to 
discover any causes of error, so that they might be avoided in a fresh series. 
The most probable source of error seems to be insufficient stirring of the 
water of the calorimeter. Although agitated so frequently as forty times in 
the hour, there could be no doubt that, during any intervals of comparative 
rest, a current of heated water would ascend from the coil, and that if a thin 
stratum of it remained any time at the top, some loss of heat would result. 
I resolved therefore to use a fresh calorimeter, and to introduce into it a 
stirrer which could be kept in constant motion by clockwork. 
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Another source of error which, though it would be finally eliminated by - 
frequent repetition of the experiments, it seemed to be desirable to avoid, 
was the hygrometrio quality of the cotton-wool which enveloped the calori- 
meter in tiie second series of experiments. I therefore sought for a material 
which did not present that inconvenience. The plan finally adopted was to 
cover the palorimeter first with tinfoil, to place over that two layers of silk 
net (tulle), and to finish with a second envelope of tiofoil. 

A third source of possible error was the circumstance that the silver- 
platinum alloy, when made positively electrical in distilled water, is slowly 
acted upon, an oxide of silver as a bluish- white cloud arising from the metal, 
while hydrogen escapes from the negative electrode. On this account the 
coil in ^e experiments of the last series, as well as the subsequent, was well 
varnished. But it was found at the conclusion of the experiments that the 
varnish had in a great measure lost its protecting power. This circumstance 
gave me considerable anxiety : 1 was, however, ultimately able, by the fol- 
lowing fiacts arrived at after the thermal experiments were completed, to 
satisfy myself that no perceptible influence had been produced by it on the 
results: — 

Ist. The resistance of the coils, after long-continued use had deteriorated 
the varnish, was not sensibly less than it was after they had been freshly 
varnished. 

2nd. The coil of the 3rd series was, in the unprotected state, immersed 
in distilled water, and compared with many hundred yards of thick copper wire, 
unimmersed, having nearly equal resistance. The result showed that the 
resistance to the current was sensibly the same whether a single cell or five 
cells of Daniell in a series were used. Now, had any considerable leaksige 
by electrolytic action taken place, it would have been very much less in pro- 
portion in the former than in the latter instance. 

3rd. When the coils of the second and third series, in the unprotected state, 
were placed in distilled water, and made the electrodes of a battery of five 
cells, tiie deflection was 40' of a dt^^e on a galvanometer with a coil of 
17 inches diameter composed of 18 turns of wire. This deflection indicates 
a current of about ^^-^ of the average current in the thermal experiments. 
In this case the Chemical action was distinctly visible, but quite ceased to be 
so when the electrodes were connected by a wire of unit resistance^ so as to 
reduce the potential to that in the thermal experiments.. 

4th. The coil of No. 2 series being used as a standard, that of No. 3 
series, in the unprotected condition, was immersed, first in water, then in 
oil. The resistance to the current of five Daniell's cells was found to be 
sensibly equal in the two cases. 

Hence there could be no doubt that the loss of heat during the experi- 
ments by electrolytic action could not possibly in any instcoice have been so 
great as one-thousandth of the entire effect, and was probably not one 
quarter of that small quantity ; whilst in the larger number of experiments, 
when the varnish was fresh, it must have been nU, 

The coil used in the third series of experiments was made by bending 
four yards of platinum-siLver wire double, and then coiling it into a spiral, 
which was supported and kept in shape by being tied with silk thread to a 
thin glass tube. The terminals were thick copper wires, and the whole was 
coated with shellac and mastic varnish. The following results were ob- 
tained for its resistance. In the first three trials the current was measured 
by a galvanometer with a circle of nine turns 17 inches diameter, and in the 
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last six with an instrament with eighteen turns of wire. In the first six 
there was an extra unit of resistance included in the circuit : — 



Battery. 



One cell, Daniell ... 

Ditto 

Ditto 

Daniell's cell. Posi- 
ti-re metal iron ... 

Ditto 

Ditto 

Ditto 

Ditto 

Ditto 



ATcrage 



Unit 



Mine .. 



it 



Jenkin's 

ti 
Mine ... 

I) ••• 

»» ••• 

Jenkin's 

Mine ... 



c,. 



c,. 



o 

tan 52 
tan 52 
tan 52 

tan 50 
tan 49 
tan 48 
tan 75 
tan 75 
tan 75 



53 
24'! 2 

362 

25-8 

48' 1 2 

17*62 

28 

17-25 

59*6 



tan 37 3-15 
tan 36 29*02 
tan 36 6*45 

tan 35 2i'88 

ten 34 57*36 
tan 34 5-48 
tan 49 58*6 
tan 49 44*93 
tan 49 18*97 



Or 



o / 

tan 37 io*6 
tan 36 37*27 
tan 36 14*79 

tan 35 29*27 
tan 35 5*62 
tan 34 12*24 
tan 50 11*98 
tan 49 57-51 
tan 49 33-08 



Temp. 


Temp. 


of 


of 


unit. 


ooiL 








63-27 


62*78 


59*03 


60*07 


60*88 


6o'57 


59-78 


60*46 


60-03 


60-30 


60*50 


6o*88 


61*27 


61-08 


61-96 


61*27 


69*35 


70*28 







Besistance 

in terms of 

mj unit. 



•98963 
-98823 
•98752 

•98818 

•98754 
98816 

•98863 

•98871 

-98820 



•98831 



Third Series of Thermal Experiments, 



Date. 


Deflec- 
tion. 


tan*. 
Deflection. 


Tempera- 
ture of 
air. 


Tempera- 
ture of 
water. 


Bise of 
tempera- 
ture. 


Fall of 
weight. 




1867. 


1 










in. 


June 28, 12.54F.M. 


28 18-25 


•290024 


488*660 


494*17 


251 


30 


»» 


28, 5.36 


30 56-37 


-359310 


534^i55 


5*4*114 


32*08 


26 


»♦ 


29, 1.30 


»8 55*45 


•305345 


509*172 


490*13 


27-82 


17 


July 


I, 10.30 A.M. 


29 41-1 


'3*4949 


428-81 


415*67 


28*52 


17 


*> 


I, 4.24 P.M. 


30 19*4 


•342107 


508-78 


467^214 


33*05 


26 


>» 


2, 1245 


30 IO-I2 


•33789' 


405*343 
401*822 


450*73 


25-13 


26 


»» 


2, 6.0 


30 30*98 


•3474*4 


458^104 


24*99 


28 


»» 


4, 1.20 


31 *3*4 


•372299 


516^992 


451*97 


57*98 


27 


»> 


20, I I.I I A.M. 


30 21*72 


•343170 


385 622 


394*0 


28*98 


28 


»> 


20, 3.45 P.M. 


31 37*55 


-379241 


454*19 


430-97 


34-91 


28 


>» 


22, 12.36 


32 0*6 


•390765 


482^44 


460*621 


35*48 


30*5 


>» 


22, 5.21 


32 23-47 


•402470 


493*087 


498*573 


34*47 


28-4 


»» 


23, 1.7 


31 i8*43 


•369881 


465*138 


473-167 


31-27 


28*7 


»» 


24, II.O A.M. 


31 4*75 


•363299 


430688 


448-043 


30*14 


17*9 


» 


24, 4.5 P.M. 


30 49-15 


•355900 


439*007 


470954 


28*14 


28*2 


ij 


25, 12.15 


32 39-5 


-410832 


465*354 


431*45 


38*48 


19*4 


•f 


*5» 4.55 


33 10 


-427129 


521^569 


486*049 


39*72 


28*4 


j» 


26, 12.58 


3* 33*95 


•407920 


445009 


464*267 


33'6i 


30 


it 


27, 1 1. 1 3 A.M. 


33 1*6 


•422590 


39ro 


419*21 


34*46 


30 


»> 


27, 4.14P.M. 


32 58^22 


-420777 


418*11 


446*623 


34*09 


29*4 


Aug. 


2, 12.31 


31 52^98 


•386923 


385*876 


390*911 


33*1 


3? 


»» 


2, 5.18 


31 53*77 


-387325 


407*781 


422-843 


31*15 


28 


»» 


3, 12.56 


31 37*18 


•379056 


453*66 


421*948 


35*37 


19-75 


ft 


6, 1 1. 1 8 a.m. 


26 34*35 


-250162 


439*906 


435*699 


22*32 


29*7 


tt 


6, 3.55 P.M. 


28 42^8 


•300070 


457*H5 


462*056 


25*67 


29^6 


»» 


8, 12.17 


39 29*25 


•319773 


465586 


443*104 


29*6 


29*7 


»» 


8» 5-45 


29 3925 


•324137 


499874 


480^564 


29*67 


28 


tt 


9, 1.27 


29 33*2 


•321491 


478*658 


469*296 


28*8 


26*4 


ti 


10, 1 1.9 A.M. 


29 12*65 


•312625 


468*344 


455*304 


28*21 


27*4 


it 


10, 3.56 P.M. 


28 14*47 


•288500 


519*082 


493*136 


27*28 


28*4 


Ayer 


aff e 




•3547795 


458699 


455436 


31*02666 


28^362 


™e 
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The above average resistance, reduced to 18^*63 C, the mean temperature 
in the third series, is -98953 of the Association unit, or in British measure 
32465480. 

In the third series, the experiments for the heat of the current, of radia- 
tion, and for horizontal magnetic intensity were alternated in such a manner 
that each class occupied the same portions of the day that the others did. I 
sought in this way to avoid the e£fects of any horary change in the humidity 
&c. of the atmosphere or in the magnetic force. Of the thirty experiments 
comprising each class, six were performed at about each of the seversd hours — 
11 A.M., 12| F.M., 1| P.M., 4 P.M., and 5| p.m. 

The calorimeter, protected as already described, was supported on the 
edges of a light wooden frame. It was carefully guarded against draughts 
by screens coated with tinfoil placed- at a foot distance. The stirrer con- 
sisted of a vertical copper rod, to which vanes, on the plan of a screw- 
propeller, were soldered at four equidistant places. The rod extended 
2 inches above the calorimeter, and was there affixed to a light wooden shaft 
2 feet long, attached at the upper end to the last spindle of a train of clock- 
wheels. The weight was 35 lbs., which, falling about 2 feet per hour, pro- 
duced a continuous revolution of the stirrer at a rate of about 200 in the 



Third Series of Radiation Experiments, 



Date. 


Temperature 
of air. 


Temperature 
of water. 


Bise of 
temperature. 


i 
Fall of weight ' 


I 1867. 








in. 


June 28, 10.38 A.K. 


460-527 


481*990 


— 1*48 


3» 


„ 28, 3.53 P.M. 


513-687 


506-770 


075 


28*2 


„ 29,11.55 A.M. 


493088 


473*930 


1*82 


28 


„ 29, 4.40 P.M. 


526*185 


508-480 


1*88 


285 1 


July I, 1.23 


469368 


442-114 


2*46 


275 


„ 2, 10.58 A.11. 


404-842 


439*790 


—2*82 


*7 


„ 2, 4.5 P.M. 


401-779 


450-930 


-4-» 


a8-5 


„ 4, 1 1.46 A.M. 


492*210 


427*5J7 


5*97 


28 1 


„ 4, 4.42 P.M. 


541*007 


484927 


5*« 


26* 5 


„ 20, I.O 


416-237 


409-044 


1*03 


2875 1 


„ 22, 1 1.5 A.M. 


474*393 


439-140 


3*3* 


30 


„ 22, 3.50 P.M. 


486*267 


480-106 


0*8 


2875 


„ 23, IIu^lA.M. 


451029 


456*947 


—0*1 


28-4 


» *3» 4-49 P-M. 


475319 


486-113 


—0-65 


285 


„ 24, 12.54 


441-677 


460*780 


-1-48 


26*5 


„ 25,10.40 A.M. 


435*863 


410*237 


2-43 


28 


» *5» 3-»7P-M. 


515-653 


460*939 


5-03 


28*8 


,, 26, 11.29 A.M. 


441 •256 


447*526 


— 0-2 


28-5 


„ 26, 4.49 P.M. 


435-776 


472*503 


-3*0 


29 


,, 27, 1.7 


40458 


433*444 


— 2*28 


29-8 


Aug. 2, 10.55 A.M. 


369-966 


37418 


-0*15 


2975 


„ 2, 3.50 P.M. 


407*34 


406*42 


0-17 


278 


„ 3,11.30 A.M. 


435-813 


401-187 


3-24 


28-6 


»» 3» 4-33 P.M. 


476*691 


446*393 


29 


27 


n 6, 1.15 


457*87 


447-843 


1*05 


28-9 


„ 8, 10.46 A.M. 


442-403 


426*304 


1*68 


29 


„ 8, 4.17 P.M. 


489*901 


463-143 


2*42 


297 


„ 9,11.51A.M. 


466-428 


453*149 


1*27 


26-5 


„ 9, 5-37 PM. 


490*308 


484*753 


0-66 


27-9 


„ 10, 1.20 


502-96 


472469 


2-82 


28-6 


ATerage 


460-6808 


451*6356 


I -01 8 


28498 
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minnte. The action of the stirrer left nothing to be desired. It was started 
five minutes before an experiment commenced, and kept going until the last 
observation of the thermometer had been made. 

Each experiment, as in the second series, lasted one hour, during which 
were made eight observations of the thermometer immersed in the calori- 
meter, twenty of the temperature of the air, and forty of the defection of the 
galvanometer. 

The correction to be applied to the air-registering thermometer, as deduced 

from the radiation experiments of this third series, is found from TaToa 

5— "^ , whence a;, the quantity to be added to the observed tempera- 

46*8 

ture of the air in the thermal experiments, =2*81. The temperature of the 
air was therefore virtually 6*073 higher than that of the water. The results 

Determinations of Horizontal Magnetic Intensity, 





Gkdyanometer 


Weighing by 


TT -17676 Vw 


Date. 


deflection 1 


current-meter, 


tan0 


1867. 


J 


gre. 




June 28, 1.30 P.M. 


37 ai*4a 


253*04 


368334 


,, 29, 10.50 A.M. 


26 43'o6 


109*28 


3*67114 


„ 29, 3.50 P.M. 


25 12*56 


96*04 


3*67964 


July I, 12.25 


38 2356 


272*35 


3*68144 


» I, 5-*o 


38 59-*5 


28495 


3-68634 


„ 2, 1. 40 


38 49*94 


280-9 


3-68034 


» 4» 1045 A-**- 


26 24*55 


106-25 


366894 


» 4. 3-45 PM. 


26 io*55 


104*99 


3*68474 


„ 20, 12 Noon. 


39 i8*9 


289-875 


3*67484 


„ 20, 4.40 P.M. 


41 11*35 


332*825 


3*68504 


„ 22, 1.30 


41 21*4 


335*13 


367594 


., 23, I0w^5A.M. 


32 51 


169*616 


3-67194 


,» »3» 3-45 !••>«• 


31 5615 


168-608 


3-68224 


„ 24, 11.51 A.M. 


39 5295 


301-591 


3-67364 


„ 24, 5.0 P.M. 


40 24*9 


315*092 


3-68474 


„ 25, 1. 10 


41 2795 


338-391 


3-67964 


„ 26, 10.30 A.M. 


34 4045 


206-658 


367324 


» 26, 3.33 P.M. 


33 255 


188-675 


367864 


„ 27, 12 Noon. 


43 19-55 


386*0 


3*68194 


„ 27, 5.12 P.M. 


42 4853 


372*658 


3*68414 


Aug. 2, 1.30 


41 1535 


332733 


367584 


„ 3, 10.25 A.M. 


34 13-9 


19899 


3-66464 


„ 3» 3-33 P-M. 


33 4^*3 


191983 


3-67628 


„ 6, 12.12 


35 9*8 


214*117 


3-67156 


» 6, 4.50 


37 8-1 


248-258 


3*67784 


„ 8, i.ii 


37 44' 55 


259*867 


3*68110 


„ 9, 10.53 A.M. 


31 23-65 


160*708 


367186 


„ 9, 4.42 P.M. 


30 434 


»5275 


367590 


„ 10, 12.12 


36 a5'4 


235433 


3*67557 


„ 10, 4.50 


34 49'5 


209*608 


3*67864 


A Vfti'affo • • 






3*67771 


^Jk T VA Ui&%/ «,,««••••••• 







also show that the unit of eflfect on the calorimeter was produced by a differ- 
ence of temperature of 11-645. 

Hence 31-0266— -^'^^^ = 30-5051 ; and adding -077 for the imimmersed 

11*645 
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part of the thermometer-stem^ the corrected thermal effect in the third series 
is found to be 30-5821. 

The average capacity of the calorimeter was equal to that of 93859 grs. 
of water, b^ing made up of 91531 grs. distilled water, 22364 grs. of copper, 
486 grs. of tin (the weight of the coating next the calorimeter), 52 grs. silk 
net (half that employed), the thermometer, coil, and corks. 

The equivalent deduced from the third series is therefore 



{ 



•62723 1 » 

X 3-6777 [ X -35478 x 32465480 x 3600 



6-2832 , ^25217. 



^1x93859 

The equivalents above arrived at are : — 

Prom Series 1. Average of 10, 25335. 
From Series 2. Average of 15, 25366. 
From Series 3. Average of 30, 25217. 
The extra precautions taken in the last series entitle the last figure to 
be taken as the result of the inquiry. Seduced to weighings in vcumo it 
becomes 25187. 



SIXTH REPORT— EXETEE, AUGUST 1869. 

The Committee consists of Professor Williamson, Professor Sir C. Wheatstone, 
Professor Sir W. Thomson, Professor W. A. Miller, Dr. A. Matthiessen, 
Mr. Fleeming Jenkin, Sir Charles Bright, Professor Maxwell, Mr. C. 
W. Siemens, Mr. Balfour Stewart, Mr. C. F. Varley, Professor G. C. 
Foster, Mr. Latimer Clark, Mr. D. Forbes, Mr. Charles Hockin, sjid 
Dr. Joule. 

Tbtb Electrical Standard Committee have this year had comparatively few 
meetings, and the results of the experiments made by the individual Mem- 
bers do not call for a Report of any length. It is, however, thought desi- 
rable to print at once, as Appendices, the important results obtained by 
Professor Clerk Maxwell, in determining the ratio of the electromagnetic 
and electrostatic series of units, and also a description of Sir Wm. Thom- 
son's experiments on the same subject. 

Description of Sir Wm. Thomson^ s Experiments made for the Determination 
of V, the Number of Electrostatic Units in the Electromagnetic Unit, By 
W. F. Ejng. 

The two principal pieces of apparatus used in these experiments were the 
absolute electrometer and the electrodynamometer. The former of these in- 
struments was described at the last Meeting of the Association, and a 
description of it is printed in the Report. Plate VII. illustrates the 
arrangements described in what follows. 

The electrodynamometer consists of two large coils of fine copper wire, 
and a smaller coil of still finer wire. The two large coils are about 30 
centims. diameter, and are placed vertical, in planes parallel to one another ; 
the distance between the large coils is 15 centims. (equal to their radius). 
The smaller coil is suspended between the large coils by a copper wire of 
such a thickness as to give the coil a time of vibration such that it com- 
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pletes a period in about thirteen seconds. The upper end of the suspending 
wire is attached to a milled head, and this head can be turned round by the 
fingers. The lower end of the wire is firmly fixed to the coil, and is in 
metallic connexion with one end of it. To the other end of the coil is 
soldered a spiral of very fine platinum wire, which hangs directly below the 
coil, and its lower end is cemented to the dry woodwork of the instrument. 
To the fixed end of the spiral coil a copper wire is attached, whose other end 
is soldered to a binding-screw in an accessible position. 

On one side of the small or movable coil is fixed a plane mirror, and in 
front of the mirror, at a distance of about 450 centims., the scale is fixed on 
which the observations are read. A paraffin-lamp wire, to give dark line in 
image of flame, and lens are used in the ordinary way for finding accurately 
the angle through which the coil turns. It is never greater than *05. Its 
true amount can be determined to within -^^ per cent. 

The connexions are not very intricate, and are traced thus: — Starting 
from one pole of the battery (the battery used was sixty sawdust Darnell's 
in series), the current goes in at one end of large coil No. 1, and from the 
other end of No. 1 the current goes to either end of the movable coil ; and 
the end of the movable coil at which we suppose the current to be coming 
out is connected with the end of No. 2 large coil, similar to the end of No. 1, 
to which the battery was first attached, that is to say, the end which will 
make the current go round in the same direction in both the large coils. 
When the current leaves the extreme end of No. 2, it passes through a 10,000 
B.A. resistance-box ; the current is completed by connecting the other end 
of the resistance-box with the pole of the battery not already engaged. 

The absolute electrometer is used in the ordinary way for measuring dif- 
ferences of potential, and its electrodes are connected, one to the end of the 
dynamometer coil No. 1, which is joined to the battery, and the other elec- 
trode is fixed to the end of the resistance-box, which is connected to the 
other pole of the battery. Thus the greatest difference of potential in the 
arrangement is measured by the absolute electrometer. An electrometer- 
key is used to reverse these connexions in the course of the experiments. 

There ia only one other part of the arrangement to be explained, and that 
is the method of observing the resistance of the dynamometer coils while the 
experiments are going on. This was done by means of the resistance-box in 
the circuit and an electrometer. At one time the standard electrometer was 
used for this purpose, but more lately the quadrant, rendered unsensitive, 
was employed. Both these instruments are described in the last Eeport. 

To take the resistance of the coils, the electrodes of the electrometer were 
first placed on the extreme ends of the three coils, and the difference of 
potential was ascertained. The electrodes were then shifted to the ends of 
the resistance-box, and the difference of potentials of its two ends was found. 
This gives at once the resistance of the coils. 

There are two things which have to be done before the experiments are 
commenced. One is the determination of the moment of inertia of the 
movable coil. This is done at the beginning and end of a long series of 
experiments, by comparing it with a ring whose moment of inertia is known. 
The other is done every day, and it is finding the time of vibration of the 
small coil after all the connexions have been made and the coil put into its 
place. This was done both with the current from the battery flowing 
through the coils and with no current flowing ; but this variation was of 
very little consequence, as no difference could be detected in the time. When 
the dynamometer is set up, care is taken to neutralize the effects of the 
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earth's magnetism by a large number of magnets fixed at a great distance 
from the coils. If the adjustment of the magnets is perfect, there is no 
alteration of the position of the spot of light when the current is reversed 
through the coils by the battery-key. Up to the present time (May 1868) 
various causes have prevented the obtainment of as satisfactory results as the 
method described above allows us to expect. Eleven sets of experiments, 
made at various dates, from March 10 to May 8 of the present year^ have 
indicated values for v, of which the greatest was 292 x 10"*, the smallest 
275*4x10®, and the mean 282-6x10® centimetres per second. Sir W. 
Thomson intends to continue the investigation^ hoping to attain much greater 
accuracy. 

[P.8. Nov. 1869. A new form of absolute electrometer has now been 
completed and brought into use, with good promise as to accuracy and eon- 
venience. A glass jar constituting the '* Leyden battery " contains witildn it 
the "absolute electrometer" proper, the "idiostatic gauge," and the ^re- 
plenisher." One observer can use it effectively ; although it is more IttsUy 
worked by two, one maintaining constant potential in the Leyden jar Igr ftid 
of the idiostatic gauge and the replenisher, and the other attending to the 
absolute electrometer (main balance and micrometer-screw). The ^. main 
balance, giving electric weighing in known weights, is as steady ttid as 
easily used as any of the " attracted disk " electrometers^ whether poirtable 
or stationary, described in previous Reports.] 



EkcperimenU on the Value of v, the Ratio of the Electromagnetic to the Mlec- 
trostaiic Unit of Electricity. By J. Clerk Maxwell. 

The experiments consisted in observing the equilibrium between the dLee- 
trostatic attraction of two disks, at a certain difference of potential, and the 
electromagnetic repulsion of two coils traversed by a certain current. For 
this purpose one of the disks, with one of the coils at its back, was attached 
to one arm of a torsion-balance, while the other, with the other coll at its 
back, was capable of being moved to various distances from the suspended 
disk by a micrometer-screw. Another coil, traversed by the same current 
in the opposite direction, was attached to the other arm of the torsion- 
balance, so as to do away with the effect of terrestrial magnetism. 

The fixed disk was larger than the suspended disk, and the latter, when 
in its zero position, had its surface in the same plane as that of a " guard- 
ring," as in Sir W. Thomson's electrometers. Its position and motion were 
observed by means of a microscope, directed to a graduated glass scale, con- 
nected with the disk. When the microscope was adjusted so that the 
image of the zero line on the glass scale coincided with the cross wires of the 
microscope, the very smallest motion of the scale could be easily detected, 
so that the observations were very rapid. The disk was brought to zero by 
the tangent-screw at the top of the suspension- wire, and its equilibrium was 
always observed at zero. The equilibrium, when the electrical forces were 
applied, was always unstable. This electrical balance was made by Mr. 
Becker. The experiments were made in the laboratory of Mr. Gassiot, who 
kindly gave the use of his great battery for the purpose. Mr. Willoughby 
Smith lent his resistance-coils, of 1,102,000 ohms; Messrs. Forde and 
Fleeming Jenkin lent a galvanometer, a resistance-box, a bridge and a key ; 
and Mr. C. Hockin undertook the observation of the galvanometer, and the 
testing of the galvanometer, the resistances^ and the micrometer-screw. 
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The difference of potentiab of the disks vas compared with the cnirent in 
the coils as follows :~Oue electrode of the great batt«ry was connected with the 
fixed disk, and the other with the case of the instnunent and the gnard-ring 
and the suspended disk. They were alsn connected throngh the great re- 
tostance K, and the primary coil of the galvanometer 0„ shnntwd with a re- 
siatance 8. 

A small Grore'a battery was employed to send a cuirent through the three 
coils and the secondary coil of the galvanometer 0,. 



i- Suapemded disk and coil. C, Electrode of fixed di»k. 

A'. Counterpoigo disk and ooil. x. Current through B, 

C, Fixed disk and coil. "'■ Cnrrrat through Q,. a—x'. Current 
through S. 

«. Current through the three coiU and O,. 

M. Uerourf cup. 'S. Xornon head and 
K: Qrpat nuKtunce. 8. Shunt. tangent screw. 

K. Double ke;. g. Gradudted glasa Bcsle. 

One quarter of the miorometer-boi, digts, and coila is cut away to show the interior. 
The caee o{ the inelrunient ia not sbown. The galtuionieter and abunte vere 10 feet from 
the electric belaaoe. 

£q-jilibrium of the electric balance waa obtained by working the micro- 
meter, and so adjusting the distance of the disks. At the same time equili- 
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Lriam of the galvanometer was obtained by altering the resistance of the 
shunt S. 

The simultaneons Talues of the micrometer and the shunt formed the result 
of each experiment. It was necessary also to ascertain the ratio of the mag- 
netic effects of the two coils of the galvanometer immediately after each set 
of experiments. 

The experiments are described at greater length in the ' Philosophical 
Transactions ' for 1868, p. 643. 

The method of experimenting appeared capable of considerable accuracy ; 
but some difficnltieB arose from want of constancy in the batteries, from 
leakage of electricity, &c., so that many of the experiments were known to 
be faulty. Twelve experiments, however, against which nothing could be 
proved at the time of making them, in which the distance of the disks 
ranged from ^ to j| an inch, and the power of the battery from 1000 to 
2600 cells, gave values of v of which the least was 28*4 and the greatest 
29*4 ohms; and in nine of these the values lay between 28*68 and 28*91. 
Tlje mean of the 12 was — 

V = 28*798 ohms. 
= 288,000,000 metres per second. 
=8 179,000 statute miles per second. 

This result is much lower than that of MM. Weber and Kohlrausdi, 
which was v= 31 0,740,000 metres per second, but agrees, I believe, more 
nearly with values recently obtained by Sir W. Thomson, whose method, as 
well as mine, depends on the B.A. unit. Weber's method depends on the 
measure of capacity. It is to be hoped that this important physical quan- 
tity may soon be determined by methods founded on capacity, and disem- 
barrassed from the phenomena of " electric absorption," which occurs in all 
solid condensers, and which would tend to give too high values of v. 
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REPORT 

ON THE NEW UNIT OF ELECTRICAL RESISTANCE PROPOSED 

AND ISSUED BY THE COMMITTEE ON ELECTRICAL 

STANDARDS APPOINTED IN 1861 BY THE 

BRITISH ASSOCIATION. 

By FLEEMING JENKIN, Esq. 



Sib Humphet Daty, in 1821 *, published his researches proving a difference 
in the conducting power of metals and the decrease of that power as their 
temperature rose. This quality of metals was examined by Snow Harris, 
Gumming, and E. Becquerel, whose table of conducting powers, compiled by 
the aid of his differential galvanometer, and published in 1826 1, is still fre- 
quently quoted, and is indeed remarkable as the result of experiments made 
before the publication by Ohm, in 1827 J, of the true mathematical theory 
of the galvanic circuit. 

The idea of resistance as the property of a conductor was introduced by 
Ohm, who conceived the force of flie battery overcoming the resistance of the 
conductors and producing the current as a result. Sir Humphry Davy, on 
the contrary, and other writers of his time, conceived the voltaic battery 
rather as continually reproducing a charge, somewhat analogous to that of a 
Leyden jar, which was discharged so soon as a conductor allowed the fluid to 
pass. The idea of resistance is the necessary corollary of the conception of a 
force doing some kind of work§, whereas the idea of conducting power is the 
result of an obvious analogy when electricity is conceived as a fluid, or two 
fluids, allowed to pass in different quantities through different wires from 
pole to pole. When submitted to measurement, the qualities of conducting 
power and resistance are naturally expressed by reciprocal numbers ; and the 
terms are used in this sense in the early writings of Lenz (1833) ||, who, with 
Fechnerif and PouiUet**, established the truth of Ohm's theory shortly after 
the year 1830. 

The conception of a unit of resistance is implicitly contained in the very 
expression of Ohm's law; but the earlier writers seem to have contented 
themselves with reducing by calculation the resistance of all parts of a hete- 
rogeneous circuit into a given length of some given part of that circuit, so as 
to form an imaginary homogeneous conductor, the idea of which lies at the 
basis of Ohm's reasoning. These writers, therefore, generally speak of the 
resistance as the " reduced length " of the conductor, a term still much used 

* PhU. Trans. 1821, vol. cxi. p. 425. 

t Ann. de Chim. et de Phys. vol. xxxii. 2nd series, p. 420. 

X Die galyanische Kette, mathematisch bearbeitet, 1827 ; also Taylor's Scientific Me- 
moirs, vol. ii. p. 401. 

§ The writer does not mean by this that electrical and mechanical resistance are truly 
analogous, or that a current truly represents work. 

I Pogg. Ann. vol. xrav. p. 418. 

•|f Maasbestimmungen, etc. 1 vol. 4to. Leipzic, 1831. 

** E16mens de Physique, p. 210, 5th edition ; and Gomptes Eendus, vol. iv. p. 267. 
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in France (vide Daguin, Jamin, Becquerel, De la Eive, and others). The next 
step would naturally he, when comparing different circuits, to reduce all re- 
sistances into a length of some one standard wire, though this wire might 
not form part of all or of any of the circuits, and then to treat the unit leng^ 
of that standard wire as a unit of resistance. Accordingly we find Lenz (in 
1888*) stating that 1 foot of No. 11 copper wire is his unit of resistance, and 
that it is 19'9 times as great as the unit he used in 1833 f, which was a cer- 
tain constant part of the old circuit. In the earlier paper the resistances are 
treated as lengths, in the later as so many '' units." 

Lenz appears to have chosen his unit at random, and apparently without 
the wish to impose that unit upon others. A further adyance is seen when 
Professor Wheatstone, in his well-known paper of 1843 tj proposes 1 foot of 
copper wire, weighing 100 grains, not only as a unit, hut as a standard of re- 
sistance, chosen with reference to the standard weight and length used in this 
country. To Professor Wheatstone also appears due the credit of construct- 
ing (in 1840) the first instruments hy which definite multiples of the resist- 
ance-unit chosen might he added or subtracted at will from the circuit:]:. He 
was closely followed by Poggendorff§ and Jacobi ||, the description of whose 
apparatus, indeed, precedes that of the Rheostat and Eesistance-coils, although 
the writer understands that they acknowledge having cognizemce of those in- 
ventions. Besistance-coils, as the means of adding, not given lengths, but 
given graduated resistances to any circuit, are now as necessary to the elec- 
trician as the balance to the chemist. 

In 1846 HankellT used as unit of resistance a certain iron wire ; in 1847 
I. B. Cooke** speaks of a length of wire of such section and conducting- 
power as is best fitted for a standard of resistance. Buff ft and Horsford j:^ 
in the same year reduce the resistance of their experiments to lengths of a 
given German-silver wire, and as a further definition they give its value as 
compared with pure silver. To avoid the growing inconvenience of this 
multiplicity of standards, Jacobi §§ (in 1848) sent to Poggendorff and others 
a certain copper wire, since well known as Jacobi's standard, desiring that 
they would take copies of it, so that all their results might be expressed in 
one measure. He pointed out, with great justice, that mere definition of the 
standard used, as a given length and weight of wire, was insufficient, and 
that good copies of a standard, even if chosen at random, would be preferable 
to the reproduction in one laboratory of a standard prepared and kept in 
another. The present Committee fully indorse this view, although the defi- 
nition of standards based on weights and dimensions of given materials has 
since then gained greatly in precision. 

Until about the year 1850 measurements of resistance were confined, with 
few exceptions, to the laboratory ; but about that time underground tele- 
graphic wires were introduced, and were shortly followed by submarine cables, 
in the examination and manufacture of which the practical engineer soon 
found the benefit of a knowledge of electrical laws. Thus in 1847 the officers 
of the Electric and International Telegraph Company used resistance-coils 
made by Mr. W. E. Cooke, apparently multiples of Wheatstone's original 
standard, which was nearly equal to the No. 16 wire of commerce ; and Mr. 

* Pogg. Ann. vol. xlv. p. 105. f Pogg. Ann. vol. xxxiv. p. 418. 

J Phil. Trans. 1843, vol. cxxxiii. p. 303. § Pogg- Ann. vol. lii. p. 511. 

I Pogg. Ann. vol. lii. p. 526, vol. liv. p. 347. % Pogg- Ann. vol. Ixix p. 255. 
** Phil. Mag. New Series, vol. m. p. 386. tt Pogg. Ann. vol. Ixxiii. p. 497. 
tt Pogg. Ann. vol. Ixx. p. 238, and Siiliman's Joum. vol. v. p. 36. 
§1 Comptes Bendus, 1851, vol. xxxi|i. p. 277. 
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C. F. Yarley* states that, even at that date, he used a rough mode of 
" distance testing." In 1850, lient. Werner Siemens t published two methods 
for determining, by experiments made at distant stations, the position of ^' a 
fault *' — ^that is to say, a connexion between the earth and the conducting- 
wire of the line at some point between the stations. In one of these plans a 
resistance equal to that of the battery is used, and the addition of resistances 
is also suggested ; and Sir Charles Bright, in a Patent dated 1852 J, gives an 
account of a plan for determining the position of a &ult by the direct use of 
resistance-coils. Since that time new methods of testing for faults and of 
examining the quality of materials employed, and the condition of the lino, 
have been continually invented, almost all turning, more or less, on the mea- 
surement of resistance ; greater accuracy has been continually demanded in 
the adjustment of coils and other testing-apparatus, until we have now reached 
a point where we look back with surprise at the rough and ready means by 
which the great discoveries were made on which all our work is founded. 

The first effect of the commercial use of resistance was to turn the " feet " 
of the laboratory into " miles " of telegraph wire. Thus we find employed 
as units, in England the mile of No. 16 copper wire §, in Germany the German 
mile of No. 8 iron wire, and in France the kilometre of iron wire of 4 milli- 
metres diameter. Several other iinits were from time to time proposed by 
Laugsdorf II, JacobilT. Marie-Davy**, Weberft, W. Thomson JJ, and others, 
with a gradually increasing perception of the points of chief importance in a 
standard ; but none of these were generally accepted as the one recognized 
measure in any country. To remedy the continually increasing evils arising 
from the discrepancies invariably found between different sets of coils. Dr. 
Werner Siemens (in 1860 §§) constructed standards, taking as unit the re- 
sistance of a column of chemically pure mercury 1 metre long, having a sec- 
tion equal to 1 millimetre square, and maintained at the temperature of 0^ 
Centigrade || ||. Dr. Siemens supposed that this standard could be reproduced 
without much difficulty where copies could not be directly obtained. Mer- 
cury had been proposed before as a fitting material for a standard by Marie- 
Davy and De la Kive ; but Dr. Siemens merits especial recognition, as the 
coils and apparatus he issued have been made with great care, and have ma- 
terially helped in introducing strict accuracy ITIT- 

The question had reached this point when (in 1861) the British Associa- 
tion, at the suggestion of Professor W. Thomson, appointed a Committee to 
determine the best standard of electrical resistance. This Committee, aided 
by a grant from the Royal Society, has now issued a new standard, the sub- 
ject of the present paper. 

* Letter to writer, 1865. t ^ogS- ^^* "^ol. Ixxix. p. 481. 

t Patent No. 14,331, dated Oct. 21, 1852. 

I A size much used in underground conductors, and equal in resistance to about double 
the length of the common No. 8 iron wire employed in aerial lines. 

II liebig's Ann. vOl. Ixxrv. p. 155. ^ ^ogg, Ann. vol. Ixxyiii. p. 173. 
** Ann. Chim. et Phrs. 3rd series, vol. ix. p. 410. ft ^ogg. Ann. vol. Ixxiii. p. 337. 

il Phil. Mag., Dec. 1851, 4th ser. vol. ii. p. 551 . J § Pogg. Ann. vol. ex. p. 1. 
I Dr. Siemens, while retaining his definition, has altered the value of his standard 
about 2 per cent, since the first issue ; and it is doubtful whether even the present standard 
represents the definition truly : his experiments were made by weight ; and in reducing 
the results to simple measurements of length he has used a specific gravity for mercury of 
13-557 instead of 13596 as given by Regnault, 13595 by H. Kopp, and 13594 by Balfour 
Stewart. (1873. The error due to this cause has since been corrected.) 

^^ Many of the different units described above were represented by resistance-coils in 
the International Exhibition of 1862 : vide Jury Report, Class XITI. p, 83^ where their 
relative values are given : vide also Appendix A to present paper. 
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The writer has hitherto described those units only which are founded on a 
more or less arbitrary size and weight of some more or less suitable material ; 
but measurements of resistance can be conceired and carried out entirely 
without reference to the special qualities of any material whateyer.^ In 1849 
Kirchhoff ♦ had already effected a measurement of this kind ; but it is to W. 
"Webert that we owe the first distinct proposal (in 1861) of a definite system 
of electrical measurements, according to which resistance would be measured 
in terms of an absolute velocity. TUs system of measures he called absolute 
electromagnetic measure, in analogy with Gauss's nomenclature of absolute 
magnetic measure. The Committee have decided that Weber's proposal is 
far preferable to the use of any unit of the kind previously described. Set- 
ting aside the difficulties in the way of their reproduction, which are by no 
means contemptible, arbitrary material standards, whether of mercury, gold, 
silver, platinum, or any other material, would be heterogeneous isolated units 
without any natural connexion with any other physical units. The tmit pro- 
posed by "Weber, on the other hand, forms part of a symmetrical natural 
system, including both the fundamental units of length, time, and mass, and 
the derived electrical units of current quantity and electromotive force. More- 
over it has been shown by Professor W. Thomsont, who accepted and ex- 
tended Weber's proposal immediately on its appearance, that the xmit of ab- 
solute work, the connecting link between all physical forces, forms part of the 
iBame system, and may be used as the basis of the definition of the absolute 
electromagnetic units. 

The fall grounds of the choice of the Committee could pnly be explained 
by a needless repetition of the arguments given in the reports already made 
to the British Association. It w3l be sufficient here to state that, in the ab- 
solute electromagnetic system, the following equations exist between the me- 
chanical and electrical ujiits : — 

W^CI'IU, . (1) 

where W is the work done in the time t by tiie current C conveyed 
through a conductor of the resistance R. This equation expresses Joule 
and Thomson's law. 

^=1 • • •• • ; (2) 

Wheife E is the electromotive force. This equation expresses Ohtti's law. 

Q=C«, ^ . (3) 

expressing a relation first proved by Faraday, where Q is the quantity of 
electricity conveyed or neutralized by the current in the time t. Finally, the 
whole system is rendered determinate by the condition that the unit length 
of the unit current must produce the unit force on the unit pole (Gauss) at 
the unit distance. If it is preferred to omit the conceptioii of magnetism, 
this last statement is exactly equivalent to saying that the unit current con- 
ducted round two cirdes of imit area in vertical planes at right angles to each 
other, one circuit being at a great distance D above the other, will cause a 
couple to act between the circtdts of a magnitude equal to the reciprocal of 
he cube of the distance D. This last relation expresses the proposal made 
by Weber for connecting the electric and magnetic measure. These four re- 

* Pogg. Ann. vol. Ixxvi. p. 412. f Ibid. vol. bxrii. to. 33?. 

X Phil. Mag., Dec. 1851, 4th series, vol. ii. p. 551. 

4 
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lations serve to define the four magnitudes B, C, Q, and E, without reference 
to any but the ftindamental units of time, space, and mass ; and when reduced 
to these fundamental units, it will be found that the measurement of B in- 
Tolyes simply a velociiy, u e. the quotient of a length by a time. It is for 

this reason that the absolute measure of resistance is styled ? or ^f 

■^ second second 

precisely as the common non-absolute unit of work involTing the product of 
a weight into a length is styled kilogrammetre or foot*pound. The Com- 
mittee have chosen as fundamental units the second of time, the metre, and 
the mass of the Paris gramme. The metrical rather than the British system 
of units was selected, in the hope that the new unit might so find better ac*- 
ceptance abroad, and with the feeling that while there is a possibility that 
we may accept foreign measures, there is no chance that the Continent will 
adopt ours. The unit of force is taken as the force capable of producing in 
one second a Telocity of one metre per second in the mass of a Fans gramme, 
and the unit of work as that which would be done by the above force acting 
through one metre of space. These points are very fully explained in the 
British Association Beport for 1868, and in the Appendix C to that Beport 
by Professor J. Clerk Maxwell and the writer, 

metre 
The magnitude of the ^ is &r too small to be practically convenient^ 

and the Committee have therefore, while adopting the sjrstem, chosen as 
their standard a decimal multiple 10" times as great as Weber's unit 

(^, millimetre\ -/^^ .. , ^, metre _ . „ , 

the T- L or 10' times as great aa the 3. This magnitude 
second /^ ° second ^* 

is not very different from Siemens's mercury unit, which has been found 

convenient in practice. It is about the twenty-fifth part of the mile of No. 

16 impure copper wire used as a standard by the Electric and International 

Company, and about once and a half Jacobi's unit*. 

It was found necessary to undertake entirely fresh experiments in order 
to determine the actual value of the abstract standard, and to express the 
same in a material standard which might form the basis of sets of resistance- 
coils to be used in the usual manner. These experiments, made during two 
years with two distinct sets of apparatus by Professor J. C. MaxweU and the 
writer, according to a plan devised by Professor W. Thomson, are fully de- 
scribed in the Beports to the British Association for 1863 and 1864. 

The results of the two series of experiments made in the two years agree 
within 0*2 per cent., and they show that the new standard does not probably 
differ from true absolute measure by O'l per cent.f It is not far from the 
mean of a somewhat widely differing series of determinations by Weber. 

In order to avoid the inconvenience of a fluctuating standard, it is proposed 
that the new standard shall not be called " absolute measure,'' or described as 

so manv r , but that it shall receive a distinctive name, such as the B. A. 

seconds 

unit, or, as Mr. Latimer Clark suggests, the " Ohmad "J ; so that, if hereafter 
improved methods of determination in absolute measure are discovered or 
better experiments made, the standard need not be changed, but a small co- 
efficient of correction applied in those cases in which it is necessary to con- 

♦ This last number may be 30 per cent, -wrong, as the -writer has neyer been in posMS- 
sion of an authenticated Jacobi standard, and has only arrived at a rough idea of its valu© 
by a series of published values which afford an indirect coicparisos. 

t Vide Appendix B. 

1 Note, 1873. The name Ohm has been adopted. 

o2 
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vert the B. A. measure into absolute measure. Every unit in popular use 
has a distinctive name ; we say feet or grains, not units of lengtii or units of 
weight ; and it is in this way only that ambiguity can be avoided. There 
are many absolute measures, according as the foot and grain, the millimetre 
and milligramme, the metre and gramme, &c. are used as the basis of the 
system. Another chance of error arises from the possibility of a mistake in 
the decimal multiple used as standard. For aU these reasons, as well as for 
convenience of expression, the writer would be glad if Mr. Clark's proposal 
were adopted and the unit called an Ohmad. 

Experiments have been made for the Committee by Dr. Matthiessen, to 
determine how far the permanency of material standards may be relied on, 
and under what conditions wires unaltered in dimension, in chemical compo- 
sition, or in temperature change their resistance. Dr. Matthiessen has esta- 
blished that in some metals a partial i^nnealing, diminishing their resistance, 
does take place, apparently due to age only. Other metals exhibit no alter- 
ation of this kind; and no permanent change due t.o the passage of voltaic 
currents has been detected in any wires of any metal — a conclusion contrary 
to a belief which has very generally prevailed. 

The standard obtained has been expressed in platinum, in a gold-silver 
alloy, in a platinum-silver alloy, in a platiaum-iridium alloy, and in mercury. 
Two equal standards have been prepared in each metal ; so that should time 
or accident cause a change in one or more, this change wQl be detected by 
reference to the others. The experiments and considerations which have led 
to the choice of the above materials are fully given in the Keport to the 
British Association for 1864. ' The standards of soHd metals are wires of from 
0*5 miUim. to 0*8 milHm. diameter, and varying from one to two metres in 
length, insulated with white silk wound round a long hollow bobbin, and then 
saturated with solid paraffin. The long hollow form chosen allows the coils 
rapidly to assume the temperature of any surrounding medium, and they can 
be plunged, without injury, into a bath of water at the temperature at which 
they correctly express the standard. The mercury standards consist of two 
glass tubes about three .quarters of a metre in length. All these standards 
are equal to one another at some temperature stated on each coil, and lying 
between 14°-5 and 16°*5 C. None of them, when correct, differ more than 
0*03 per cent, from their value at 15°-5 C. 

^ Serious errors have occasionally been introduced into observations by re- 
sistance at connexions between different parts of a voltaic circuit, as perfect 
metaUic contact at these points is often prevented by oxide or dirt of some 
kind. Professor Thomson's method of inserting resistances in the Wheat- 
stone balance (differential measurer) has been adopted for the standards ; but 
in the use of the copies which have been issued it has, been thought that 
sufficient accuracy would be attained by the use of amalgamated mercury 
connexions. 

In the standards themselves permanence is the one paramount quality to 
be aimed at ; but in copies for practical use a material which" changes little 
in resistance witn change of temperature is very desirable, as otherwise much 
time is lost in waiting till coils have cooled after the passage of a current ; 
moreover large corrections have otherwise to be employed when the coils are 
used at various temperatures; and these temperatures are frequently not 
known with perfect accuracy. German silver, a suitable material in this 
respect, and much used hitherto, has been found to alter in resistance, in some 
cases, without any known cause but the lapse of time, since the change has 
been observed where the wires were carefully protected against mechanical 
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or chemical injury. A platinam-Bilver alloy has boen preferred by thie Com-^ 
mittee to German silver for the copies which have been made of the standards 
These have been adjusted by Dr. Matthiessen so as to be correct at some 
temperature not d^ering more than 1^ from 15^*5 G. The resistance of 
platinum silver changes about 0*031 per cent, for oach degree Centigrade 
within the limits of 5° above and below this temperature ; this change is even 
less than that of German silver. The neW material seems also likely to be 
very permanent, as it is little affected by annealing. The form of the copies 
is the same as that of the standard, with the exception of the terminals, which 
are simple copper rods ending in an amalgamated surface. Twenty copies 
have been distributed gratis, and notices issued that others can be procured 
from the Committee for £2 lOs. The Committee also propose to verify, at a 
small charge, any coils made by opticians^ as is done for thermometers and 
barometers at Kew. 

Dr. Matthiessen reports, with reference to the question of reproduction, 
that given weights and dimensions of several pure metals might be employed 
for this purpose if ahsolwU care were taken. The reproduction, in this man- 
ner, of the mercury unit, as defined by Dr. Siemens, differs from the standards 
issued by him in 1864 about 8*2 per thousand if the same specific gravity 
of mercury be used for both observations*. Each observer uses for his final 
value the mean of several extremely accordant results. It is therefore to be 
hoped that the standard will never have to be reproduced by this or any similar 
method. On the other hand, four distinct observers, with four different ap- 
paratus, using four different pairs of standards issued respectively by Dr. 
Siemens and the Committee, give the B. A. unit as respectively equal to 
1-0456, 1-0455, 1-0456, and 1-0457 of Siemens's 1864 unitf. It is certain 
that two resistances can be compared with an accuracy of one part in one 
hundred thousand — an accuracy wholly imattainable in any reproduction by 
weights and measures of a given body, or by fresh reference to experiments 
on tiie absolute resistance. The above four comparisons, two of which were 
made by practical engineers, show how far the present practice and require- 
ments difier from those of twenty and even ten years ago, when, although 
the change of resistance due to change of temperature was known, it was not 
thought necessary to specify the temperature at which the copper or silvet 
standard used was correct. The difficulty of reproducing a standard by simple 
reference to a pure metal, further shows the unsatisfactory nature of that 
system in which the conducting power of substances is measured by compa- 
rison with that, of some other body, such as silver or mercury. Dr. Matthi- 
essen has frequently pointed out the discrepancies thus produced, although 
he has himself followed the same system pending the final selection of a unit 
of resistance. It is hoped that for the future this quality of materials will 
always be expressed as a specific resistance or specific conducting power re- 
ferred to the unit of mass or the unit of volume, and measured in temas of 
the standard unit resistance, that the words conducting power wiU invariably 
be used to signify the reciprocal of resistance, and that the vague terms good 
and bad conductor or insulator will be replaced, in all writings aiming at 
scientific accuracy, by those exact measurements which can now be made with 
far greater ease tiian equally accurate measurements of length. 

Qliere is every reason to believe that the new standard wiU be gladly ac- 
cepted throughout Great Britain and the colonies. Indeed the only obstacle 

* If Dr. Matthiesaen uses the ap. gr. of 13-596, as given by Begnault, the difference from 
Dr. Siemens's standard is 5 per thousand, 
t 1873. The value now adopted is 10186. 
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to its introdnctioii arises from the difficulty of explaining to inquirers wliat 
the unit is. The writer has been 90 much perplexed by this simple 
question, finding himself unable to answer it withojit entering at lai^e on 
fhe subject of electrical measurement, that he has been led to devise the 
following definitions, in which none but already established lueasures are 

referred to, 

metre 
The resistance of the absolute ^ is such that the current generated 

in a circuit of that resistance by the electromotive force due to a straight bar 
1 metre long moving across a magnetic field of unit intensity*, perpendicu- 
larly to the lines of force and to its own direction, with a velocity of 1 metre 
per second, would, if doing no other work or equivalent of work, develop in 
that circuit in one second of time a total amount of heat equivalent to one 
absolute unit of work— or sufficient heat, according to Dr. Joule's experi- 
ments, to heat 0*0002405 gramme of water at its maximum density 1^ 
Centigrade. 

The new standard issued is as dose an approximation as could be obtedned 
by the Oommittee to a resistance ten million times as great as the absolute 

J. The straight bar moving as described above in a magnetic field of 

unit intensity would require to move with a velocity of ten millions of 

metres per second to produce an electromotive force which would generate in 

a circuit of the resistance of the new standard the same current as would be 

metre 
produced in the circuit of one j resistance by the electromotive force 

due to the motion of the bar at a velocity of one metre per second. The ve- 
locity required to produce this particular current f being in each case pro- 
portional to the resistance of the circuit, may be used to measure that resist- 
ance ; and the resistance of the B. A. unit may therefore be said to be ten 

Tin6ljl*6fl 

millions of metres per second, or 10^ 5. 

'^ ' second 

It is feared that these' statements are still too complex to fulfil the purpose 
of popular definitions ; but they may serve at least to show how a real velocity 
may be used to measure a resistance by using the velocity with which, under 
certain circumstances, part of a circuit must be. made to move in order to in- 
duce a given current in a circuit of the resistance to be measured. That 
current in the absolute system is the unit current, and the work done by that 
unit current in the unit of time is equal to the resistance of the circuit, as 
results from the first equation stated above. 

Those who from this slight sketch may desire to know more of the 
subject will find full information in the Reports of the Committee to the 
British Association in 1862, 1863, and 1864. The Committee continue to 
act with the view of establishing and issuing the correlative units of cur- 
rent, electromotive force, quantity, and capacity, the standard apparatus 
for which will, it is proposed, be deposited at Kew along with the ten 
standards of resistance already constructed with the funds voted by the 
Royal Society. 

* Giius8*s definition. 

t This current is the unit current, and, if doing no other work or equivalent of work, 
would develop, in a circuit of the resistanoe of the B. A. unit, heat equivalent to ten 
millions of units of work, or enough to raise the temperature of 2405 grammes of water at 
Its mazimam density 1° Centigraae. 
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Appendix B, 

The following Table shows the degree of concordance obtained in the sepa- 
rate experiments used, to determine the unit. The determinations were made 
by observing the deflections of a certain magnet when a coil revolved at a given 
speed, first in one direction, and then in the opposite direction. The flrst 
column shows the speed in each experiment j the second shows the value of 

TQctrGS 

the B. A. unit in terms of 10^ r, as calculated from the single experi- 

second' ° ^ 

ments. A diflference constantly in one direction may be qbserved in the 
values obtained when the coil revolved different ways. This difference de- 
pended on a slight bias of the suspending thread in one direction. The third 
column shows the value of the B. A. unit calculated from the pair of experi- 
ments ; the fourth shows the error of the pair from the mean value finally 
adopted^ In the final mean adopted, the 1864 detennin^tion ^s^ allowed 
five times thq weight allowed to that of 1863. 



1. 

Time of 100 mvo- 
lutipnq of ooil, in 
seconds. 



17-54 

17-58 

77-62 

76-17 

53-97 

54-53 

41-76 

41-79 

54-07 

53-78 

17-697 

17-783 

17-81 

17-78 

17-01 

16-89 

21-35 

21-38 

21-362 

21-643 

11-247 

16-737 



2. 
Value of B. A. unit in 

as o»loalftted from 
each experiment. 



1-0121 1 

0-9836 ■ 

1-0468 " 

0-9613 ' 

0-9985 ' 

0-9998 

0-9915 ' 

0-9936 

0-9961 

0-9886 

0-9878 

1-0136 

0-9952 

1-0174 

X-0191 

0-9895 

1-0034 1 

1-0011 

0-9968 ' 

1-0096 

1-0424 ' 

0-9707 



3. 

Value horn mean 

of each pair of 

exper^Q^ents. 



0*9978 
1*0040 
0-9992 
0*9925 
0^9924 
1-0007 
1^0063 
1-0043 
1-0022 
1-0040 
0-9981 



4. 

FemsGintage er^os p^ 

pair of abeierYationQ 
from mean value. 



r-0-22 
-fO-28 
-0-08 
-0-75 
-0-76 
+0-07 
4- 0-63 
+0-43 
4-0-22 
+0-40 
-0-19 



Probable error of R (1864) ...... =0-1 per cent. 

Probable error of R (1863) =0-24 

Difference in two values 1864 and 1863= 0-16 
Probable error of two experiments .... =0-08 
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CANTOR LECTURES. 

On Svbmttrine Telegraphy. By FLBxausaJwanr, Esq., C.E., F.B.S. 

[Delirwed before the Boyal Society of Arts.] 

LECTUBE I. 

(Monday, January 29, 1866.) 

Thb Iwsxtlatbd Conducxoe Ain) its Pbopebties. 

The lecturer stated that in the lectures he was about to deliver he shonld 
aim rather at spreading more widely the knowledge'possessed by those prac- 
tically acquainted with submarine telegraphy than at announcing the latest 
discoveries or most novel theories, 

1. Terms used : — Conductor^ Insulator^ Battery^ JSarth, Circuit, Current. — ► 
Some elementary explanations were given with the view of explaining these 
terms. The action of a current on a magnetic needle, the simplest form of 
galvanometer and electromagnet were shown, with their application to practical 
telegraphy. The two sources of failure, viz. want of continuity in the con- 
ductor and want of insulation forming a short circuit, were explained. The 
reflecting galvanometer was exhibited as a means of indicating a feeble current. 

The following is a more detailed abstract of the rest of the lecture : — 

2. Component parts of Submarine Cable, — ^These are : — 1st, the conducting 
wire, generally formed of copper ; 2nd, the insulator, surrounding the con- 
ductor, generally india-rubber or gutta-percha ; 3rd, the outer covering, in- 
tended to give strength, and generally formed of a hempen serving, surrounded 
by iron wires, laid, as in the rope, round and round the core. 

3. Conductor, — (a) MecTianical Properties, — The conductor is almost univer- 
sally made of copper ; but a solid copper wire is apt to be brittle, breaking after 
being bent a few times ; interruptions occurred from this cause in early cables : 
this defect is wholly removed by the use of a strand of several wires, gene- 
rally three or seven. The tensSe strength of copper wire is in some books 
given as 60,000 lbs. per square inch. That used for submarine cables, being 
selected for electrical rather than mechanical qualities, will only bear from 
35,000 lbs. to 39,000 lbs. per square inch. Copper stretches so much (10, 
11, 12, or 15 per cent.) before breaking that its full strength can seldom be 
made use of. This extensibility is, as will be seen, a very valuable property, 
preventing the interruption of the circuit until the strengthening part of the 
cable be fairly broken. The following are convenient approximate for- 
mulae : — A copper strand wiU bear 1^ lb. per pound weight per knot before 
breaking ; it will stretch one per cent, with 1 lb., and will not stretch at all 
with 0^75 lb. per pound per knot : thus a strand weighing three hundred 
pounds per knot will barely support 450 lbs., will stretch one per cent, with 
300 lbs., and will not stretch at all with 225 lbs. The weight of copper in 
lbs. per knot can be calculated from the diameter d in inches by the use of 
the following constants ; — ^weight =18500 d^ for solid wire, or 15100 <P for 
strand. The joint of the conductor is made with great care : a scarf joint is 
made by soldering together two filed and fitted ends ; this joint is wrapped 
round with fine copper wire to give it strength, and solder is again run 
round this wire ; a second wrapping of fine copper is then applied and left 
without solder. The joint is necessarily less extensible than the rest of the 
strand ; if forcibly torn asunder the last wrapping of copper maintains the 
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electrical connezioii, being simply pulled out like a spiral spring. No inter-* 
Tuption from breakage at joints has ever occurred since this system was adopted. 
(h) Genet*dl Electrical Properties. — Copper£is what is called a good con- 
ductor, offering small resistimce to the passage of the electric current ; that 
is to say, a much less powerful current would be sent by any given battery 
through a long iron or lead wire than through a copper wire of equal length 
and diameter. Table I. gives the relative electrical resistance of several 
substances, compiled from Dr. Matthiessen's experiments. The lower the 
number the better the conductor. 

Tablb I. 

Belative resistance of materials at 0^ C« Wires of equal length and 

diameter. 

part I.'^Conductors, 

Silver^ Hard 1*00 

Copper „ 1*00 

Gold „ 1-28 

Iron 5*94 

Tin 809 

Lead 12-02 

Brass 4*50 

Gold-Silver alloy 6-65 

German Silver 12-82 

Platinum-Silver alloy 14-93 

Mercury , 58*15 

Part II. — Insulators, 

Gutta-percha at 75° Fahrenheit 

60,000,000,000,000,000,000 or 6 X 10" 

uilass not Xpss t nA.n 

600,000,000,000,000,000,000,000,000 or 6 X 10'« 

Conduction takes place through the mass, and not along the surface of the 
wire. A strand and solid wire of equal weights are equally good conductors: 
but owing to what is termed lateral inductioB, to be herea^r explained, the 
strand is at a slight disadvantage for rapid speaking through long submarine 
cables. Messrs. Bright and Clark, to avoid this defect, used in the Persian- 
Gulf cable a segmental strand, built up of six wires fitting one another and 
drawn through a tube ; they hoped thus to combine the advantages of the 
strand with those of the solid wire. Mr. Thomafi Allan surrounds his copper 
conductor with fine steel wires, to give strength and avoid the use of heavy 
external protection. In a sample given to the lecturer, the resistance of the 
conductor so formed was about 30 per cent, more than that of a simple copper 
conductor of equal weight. TaJong induction into account, Mr. Allan's 
cable would be about 50 per cent, inferior in speaking power to a cable with 
simple copper conductor of equal weight, and covered with an equal amount 
of insulating material. This inferiority is not a fatal defect if the cost of 
the outer protection is avoided. The general merits or defects of this plan 
will be spoken of in a future lecture ; although the danger of decay where 
iron and copper meet is known, Mr. Allan's proposal deserves serious con- 
sideration. 

(c) Chemical Properties of Copper Wire, — A current flowing from the 
copper end or pole of the battery through a hole in the insulator to the sea 
causes the formation of chloride of copper, a soluble salt. The copper is thus 
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gmdnally eaten away» until metallio eontiniiitf ia intermpted, and the eaUe 
QQaaes to transmit mesaages. The current from the zinc pole doea not pro- 
dace this effect, but only a deposit of soda in the fault, which, however, then 
allows a greater leakage, tending to enlarge the hole in the gutta-percha. 
Mr. Q. P. Yarley has proposed to twist up a fine platinum wire with the 
copper strand of long cables. This wire would maintain the communication 
at any point where the copper might be eaten away. 

4. Insulator • — (a) GhUkhpereha and Chatterton's Compound, — ^Gutta-percha 
is pressed out, while warm and plastic, through a die round the conductor ; 
several successive coatings or tubes are thus applied, till the desired thickness 
is obtained. The first coating is attached to the strand by a substance known 
as Chatterton's compound, which is also used between each layer of gutta- 
percha, and between the separate wires of the strand, to prevent the perco- 
lation of water along the interstices, in case any part of the copper should 
be accidentally immersed in water. 

(h) Mechanical Properties. — Gutta-percha has considerable tensile strength, 
bearing about 3500 Ids. per square inch of section ; but, owing to its great 
extenBibility,[it does not add more than about one third of its whole strength 
to the copper strand. Eoughly, it maybe said to add in small wires 20 per cent, 
and in la^er cases 30, 40, or even 50 per cent, to the strength of the copper 
strand ; it will stretch 50 or 60 per cent, or more without breaking, but almost 
always Mis as soon as the copper inside gives way. It wiU bear iU-usage, such 
as knotting, squeezing, or stretching, without injury, but can be pierced with 
a sharp instrument or cut by a knife without much difficulty. Uniform 
pressure, such as it sustains under water, improves its electrical qualities, 
augmen^g its insulation resistance, according to Mr. Siemens's experiments, 
about 60 per cent., at 24° C, for every ton pressure per square inch, corre- 
sponding nearly to 1000 fathoms depth of water. It becomes soft at about 
100° Fahrenheit, and should, after manufacture, never be heated beyond 90°. 
The joints required are made by heating the two ends of the covered con- 
ductors after the copper is joined, and applying by hand successive coatings 
of wanned and plastic guttar-percha. The separate layers of gutta-percha 
are also cemented by Chatterton's compound ; thus the joint is, when sound, 
very similar to the rest of the core. Extreme cleanliness and much skill are 
required in making these joints. Some years since the joints frequently 
failed, not always when just made, but after some months, becoming hard and 
brittle, and shrinking, sq as to leave a gap between the old and new materials. 
The process is now thoroughly understood, and is a safe one in skilled hands, 
but in skilled hands only. 

(c) India-rubber. — This material is applied in many ways ; most commonly 
tapes of masticated or bottle-rubber are wrapped round and round the con- 
ductor until the required thickness is reached. At first these tapes were, as 
it might be termed, gummed together with solvents ; but these caused decay, 
and have been abandoned : heat is now the common agent for effecting the 
adhesion. Mr. Siemens, who applied his tapes longitudinally, like two 
long half-tubes, used simple pressure to join the two halves together. He 
employed most ingenious machinery to cut the tapes the instant before they 
were applied to the copper, as the material only reunites if quite freshly cut ; 
several successive coatings could be applied in this way at one operation. 
Some manufacturers considered that none of these methods were fully suc- 
cessful, and vulcanized the india-rubber, converting it into various materials 
of different degrees of flexibility according to the process employed. This 
material was also criticised ; and Mr. Hooper has ^covered conductors with 
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pure india-'rubber next the copper, followed by a coating of oxide of zinc and 
rubber, and enclosed by a vulcanized jacket. In the process of baking the 
core to vulcanize the jacket, a little sulphur penetrates the india-rubber, and 
the whole mass becomes remarkably compact and durable. Mr. Hooper heats 
tbe core to 250° Fahrenheit, and bakes it for four hours. The mechanical 
properties of these different materials vary greatly ; they are all, however, 
very extensible, and do not add sensibly to the tensile strength of the con- 
ductor ; they will bear considerable ill-usage, but are mostly softer than 
gutta-percha, and the pure rubber will not bear continued pressure even by a 
blunt surface, but gradually yields. The joints in each form are now made 
so as to imitate, as far as possible, the main core. Mr. Hooper bakes his joints 
two hours in a steam jacket. 

(d) Chemical Properties and Permaiuiicy, — ^When dry and exposed to light, 
gatta-percha becomes dry and brittle, losing all its valuable qualities, and is 
said to be oxidized. Under the same circumstances the various forms of 
india-rubber decay in various ways; some become treacly, some brittle, 
some almost friable. Mr. Hooper's hard-covered seems to last best of all in 
air.' When in water gutta-percha is, so far as fifteen years' experience can 
show, absolutely permanent. Many thousands of miles have been laid down, 
and many hundred of miles picked up after laying in the sea in various parts 
of the world, in deep and shallow waters, for many years, and not one single 
yard of material has been found which had under those circumstances de-! 
cayed or lost its insulating properties. The importance of this fact cannot 
be over-estimated. The experience as to india-rubber is the very oppo- 
site to this : little has been employed, and a great deal of that little has 
been found to decay, so as to be utterly useless, ITo doubt improvementsi 
are continually introduced, and possibly some of the forms now made may 
answer better; but till the subject is more thoroughly understood it would be 
lost time to reproduce all the theories by which the various failures are 
explained. Out of five specimens supplied lately to the Indian Government^ 
one only, Mr. Hooper's, proved durable even for a year. The lecturer's own 
experience confirmed this experiment. It must, in justice, be said that con- 
siderable lengths of india-rubber-covered wire are successfully used on land, 
supplied by Messrs. Silver and their desoendant the India-rubber and Gutta- 
percha Telegraph Construction Company, and by Messrs. WeUs and HaU. 
The Indian Government has ordered about 100 miles of wire covered by Mr. 
Hooper's material, which will, therefore, now be subjected to a thorough 
practical test. India-rubber stands heat much better than gutta-percha. 

{e) General Electrical Properties. — Gutta-percha is a very good insulator ; 
all insulators conduct a little, but the figure written after gutta-percha in 
Table I. will show the relative resistance to conduction with equal bulks of 
copper and gutta-percha. A better idea of the vastness of the number will be 
obtained by observing that light would take two thousand years to travel 
through the number of feet which the number would express. The practical 
result of this degree of insulation with the Atlantic core is that more than 99 J 
per cent, of the current leaving England would reach America if the cable were 
but laid ; any improvement in insulation will, therefore, only go to diminish 
this half per cent, loss, in itself of no consequence whatever. India-rubber 
has a higher resistance still ; the chief advantage to be obtained from this 
high resistance is the facility it gives for detecting faults. India-rubber is, 
however, superior to gutta-percha in another electrical property, called its 
inductive capacity. More words per minute, in the proportion of 4 to 3 at 
least, could be sent through an Atlantic or other long cable insulated with 
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india-rubber than if insulated with gutta-percha, the weight of insulator 
and conductor remaining the same. This point will be more definitely treated 
of hereafter. 

(/) Absorption of Water. — ^Mr. Fairbairn long since stated the superiority 
of gutta-percha to india-rubber for deep-sea cables, owing to the compara- 
tively small quantity of water which it absorbs. Probably the newer forms 
of india-rubber may have improved in this respect ; but Mr. Siemens found 
that pure india-rubber absorbed 25 per cent., vulcanized rubber 10 per cent., 
and gutta-percha 1^ per cent, of their weight in pure water ; these quantities 
were reduced to 3, 2-9, and 1 per cent, respectively in salt water. The ab- 
sorption continued for three hundred days : it was eight times greater for 
india-rubber at 120® of Fahrenheit than at 39°, but for gutta-percha it was 
only doubled by the rise in temperature. 3£r. Semens considered that pres- 
sure affected tiie absorption very little. The amount absorbed by g^tta- 
perdia in no way damages it. This is proved by thousands of miles of sub- 
merged cables ; for instance, the tests of the Malta-Alex&ndria cable, laid 
four years dnce, under Mr. Forde's superintendence, by Messrs. Glass and 
Elliott. Part of this cable supports about half a ton per square inch pressure. 

5. Mechani4xU Properties of Completed Core, — Few persons are aware of 
the . great strength of the common gutta-percha-covered wire. An ex- 
periment was shown by the lecturer in which 600 cwt. was hung from the 
slender-looking core of the New Atlantic cable ; it stretched some 10 per 
cent, under tins weight, and was then taken down, knotted, squeezed, and 
cut open, when the copper conductor appeared quite undisturbed in the 
centre of the gutta-percha, which exhibited no trace of injury. Before the 
application of Chatterton's compound, the wire was liable to start out of tho 
cable after it had been stretched and cut or softened, owing to the unequal 
elasticity of copper and gutta-percha'; but with Chatterton's compound con- 
siderable force must be used to drag out the copper wire, even when the core 
has been stretched and is cut open. Table II. shows the strains which various 
wires can support. 

Table II. 



Atlantic core , 

No. 14 conper-covered to No. 1, 107 lbs. cop- 
per, 166 Ab. gutta-percha 

No. 16 copper-coyerea to No. 4, 73 Ite. copper, 
• 93 lbs. gutta-pereha 



lbs. 
340 

134 

100 



ID * 



lbs. 
414 

162 

120 



i 



&>, 



Si 



PQ 



lbs. 
660 

218 

150 



Table III, gives the dimensions of the cores in some of the most important 
cables laid. It is noteworthy that 300 miles of the very smallest core prac- 
tically in use, laid without any outer protection whatever, maintained our 
connexion with the army for nine months during the Crimean war. ' 
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Tab£e in. 

Bimensiona of Cores of important Cables. 



Name of Cable. 



Bed-Sea Cable , 

Malta-Alexandria Standard 

Persian Gulf 

First Atlantio 

Second Atlantic 

England and Holland ..... 

Toulon and Algiers 

Varna, BaLaclava • 

French Atlantic 



Copper conductor 



.S 



J 



1^ 



180 
400 
225 
107 
300 
143 
107 
73 
400 



I 



I 






0-105 
0162 
0109 
0-083 
0144 
0095 
0-083 
0062 
0-159 



Ghitta-peroha. 



Is. 



212 

400 
275 
260 
400 
223 
223 
166 
400 




0-34 

0-457 

0-38 

0-38 

0-464 

0-34 

0-34 

0-3 

0-463 



3-4 

2-95 

3-48 

41 

328 

3-47 

4*26 

4-84 

2-92 



Pi hi 

I 



1*224 

1-062 

1*249 

1-57 

1-19 

1-244 

1-45 

1-58 

1-872 



LECTURE n. 

(Monday, February 5.) 

SHAII.OW AND Deep-sea Cables. 



The lecturer first alluded to the omission from the first lecture of any men- 
tioa of the new insulators — ^balata, Parkesine, collodion, Mr. Macintosh's 
material, and others. This omission was an oversight, due possibly to the 
fact that, as he has been unable to procure a specimen of any one of these 
materials for examination, he had formed no opinion as to their merits. The 
Talue of a new, good, and cheap insulator would be yery great. The follow- 
ing is an abstract of the second lecture, under the heads in the syllabus : — 

1. Serving and Worming, — Strands of hemp or jute are commonly laid or 
spun round the insulated core to serve as a pad or protection against pressure 
from the iron wires afterwards applied, and also, in some cases, to form a 
larger heart, allowing larger and more wires to be applied than could lie 
round the small insulated wire. This covering of hemp or jute is called the 
" serving " of the cable. When several insulated wires, to transmit distinct 
simultaneous messages, are included in one cable, as for short distances is 
frequently the case, these insulated wires are laid in a long strand, with 
hemp between them, to form a circular core. This hemp s called the 
« worming." The worming and serving were formerly tarred for their pre- 
servation against decay in water ; but Mr. Willoughby Smith showed that the 
tar temporarily mended small faults of insulation, and might, therefore, con- 
ceal an accidental injury to the core : but tar was not so good an insulator 
as permanently to mend the fault, so that tar might lead to the submersion 
of a fault which would otherwise have been discovered and repaired before 
submersion. To avoid this risk tanned hemp is now used, and is often 
applied wet to increase the chance of at once detecting any accidental injury 
to the gutta-percha. Hemp under wires is remarkably durable, and jute 
also answers well as a cheaper substitute. When hemp is exposed in water 
it soon decays^ and jute decays still more rapidly ; both are liable to be eaten 
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by animals where exposed, but not wbere covered by iron. A specimen was 
shown where a small quantity of hemp exposed by- a kink^ at a depth of 800 
fathoms in the Mediterranean, had been attacked by a species of Teredo ; the 
part immediately adjacent, covered by iron wirfe, was intact. These animals 
exist in the Mediterranean even in depths of 1200 and 1600 fathoms. In 
applying the covering, care must be taken that the insulated wire be not 
overstrained. The simplicity of the work has sometimes led to the use of im- 
perfect machines, which might cut the gutta-percha, and to the employment 
of boys too young to be careful* 

2. Iron Sheathing. — The served core is commonly protected by iron wires 
laid round and roxmd in a long helix, and abutting one against another, so 
as to present the appearance of a simple iron wire rope. This sheathing is 
frequently called a spiral covering ; but the wires lie in a helix, not a spiral, 
which is a curve like that formed by a watch-spring, not that formed by a 
corkscrew. There is a popular impression that this form of cable must 
necessarily be very easily extended or stretched; but this impression is 
wholly erroneous. The single helix stretches by becoming more nearly a 
straight line, and by gradually closing so as to include a smdler and smaller 
cylindrical space ; if this closing be prevented (for instance, if the wire be 
wrapped round a solid core), the helix will not stretch more than a solid wire : 
the closing is prevented in the ordinary cables by the arrangement of the 
outer wires, which abut each upon its neighbour, so that a cross section of 
the cable shows a compact iron ring. The tube formed by the wires cannot 
diminish in diameter, and consequently the heUx cannot stretch more than a 
solid wire ; this is proved by the experiments of Messrs. Gisbome, Forde, 
and Siemans in the ^ Beport of tiie Joint Committee on Submarine Cables,' 
1861. Some extracts from their results are given in Table IV. The stretch 
of the Atlaptic, Eed-Sea, and Malta- Alexandria cables before breaking is, as 
will be seen, hardly more than ihe stretch of a single iron wire (part 2, Table 
lY.) ; the slight excess is owing to a slight diminution in the diameter of 
the cable, due to the more perfect closing of the wires one upon another when 
the strain is applied. Owing to the perfect iron ring formed by the wires, 
the inner core is not sensibly compressed. A helix may elongate by un- 
twisting as well as by closing in the manner described, and sometimes this 
defect has been alleged as the only serious one. The total elongation which 
could arise from this cause is the difference of length between the wire as it 
lies round the cable and when stretched out straight } this is about 1^ per 
cent, in the Malta- Alexandria cable : but no sensible untwisting ever does 
occur ; about forty or fifty turns are, at most, taken out per mile, and this 
would elongate such a cable eighteen inches per mile, or about 0*03 per cent. 
"When cables are recovered from great depths, no sensible change in tiie lay is 
found to have taken place ; it cannot be seen that they have in any way 
been untwisted or stretched. Specimens of cables thus recovered were ex- 
hibited, and the following experiments shown to enforce the reasoning : — 
First, half a ton was hung on a light iron cable of the usual form, and it was 
seen that no stretch occurred, although less than half the weight would have 
stretched the core inside 20 per cent., and finally have broken it. This 
proved that the strain was really borne by the rigid helical iron wires out- 
side, not by the core inside. Secondly, weights were hung on a single wire, 
outside a core of hemp and gutta-percha ; this stretched a very little. Lastly, 
an experiment was tried which to all appearance resembled the first ; but on 
the weights being taken ofiP, the rope was bent and opened, and shown to 
consist of a mere hollow shell of iron ^yires, without any core whatever in- 
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fdde for eighteen inohes of its length. This proved that the iron wires do 
not press injnrionsly on the core. In all these experiments the rope was 
tree to nntwist, bnt did not do so sensibly. The experiments were simple 
illustrations of facta well known to all practically acquainted with telegraphic 
cables. It may therefore be assumed that the common form of cable is not 
liable to stretch ; bnt another defect^ the liability to kink, has been ni^ed 
against it. A kink is a loop drawn tight^ or a twist in a rope concentrated 
at one point. Specimens of kinks were shown. A kink may be produced in 
any form of cable, with or without heKcal covering, inasmuch as a loop or a 
twist may be produced in any form by mismanagement. A rope coiled round 
a drum with one side out may be wound off and rolled round another dram, 
or paid out into the sea, without receiving any twist ; but if, by mismanage- 
ment, the rope were pulled off the end of the drum, it would be twisted or 
kinked. Similarly, if coiled in a tank, with one side always uppermost, 
although apparently without twist, it would be twisted or kinked when 
pulled straight out of the hold. In practice these plans are not adopted ; the 
cable is carried down into tanks from a drum with one side always turned 
in one direction : let one side of a straight cable be marked black, and let it 
be coiled into the hold so that the black side shall always be north, then 
this black mark will, on the north side of the tank, be turned from the centre ; 
at the east and west side it will be uppermost and undermost respectivelj. 
The rope thus coiled in will have one twist in it for every turn round the 
tank : in a spun rope this twist will twist the rope tighter, or untwist it 
according to Ihe direction in which the rope is coiled ; but, in either case, 
when the rope is drawn out of the coil it comes out as it was put it--— straight 
and without twist. The extra turn or twist is caused by coiling, and re- 
moved by uncoiling. There is one simple, universal, and sufficient rule to 
prevent the occurrence of a permanent twist. The cable must be taken out 
of the tank or off the drum in the same manner as it is put in or on ; the 
opposite course will always put a permanent twist into a cable, and this 
twist, concentrated at one point, produces a kink. These points were illus- 
trated by elementary experiments with a piece of india-rubber tubing to re- 
present a cable ; one side of the tube was painted so that a twist could readily 
be seen. When a cable is properly coiled in the tank it is possible, by a 
severe jerk, so to mismanage the uncoiling as not to take out the twist re- 
gularly ; and kinks have thus been caused by several turns being caught up 
at once out of the hold. This now very seldom happens. Kot one kink 
occurred during the paying out of the Malta- Alexandria and Fersian-Gulf 
cables, or during the late Atlantic expedition, in all about 3500 knots. 
Even when a kink does occur it seldom injures the cable. A specimen was 
shown, cut from the Dover and Calais cable, containing six insulated wires, 
through which, kinked as they were, messages had for years been transmitted 
between England and France. The common form of cables affords a good 
mechanical protection against injury. 

3. Iron and Steel Wire, — ^The tensile strength of a cable is the sum of the 
strength of the wires composing it. A cable covered with good iron should 
bear a strain equal to two tons per pound of iron wire per fathom. Thus a 
cable with 3750 lbs. of iron per knot, or 3*75 lbs. per fathom, in the sheath- 
ing should bear 7^ tons. This rule corresponds to a strength of about 41 
tons per square inch. The larger gauges and inferior qualities of iron cannot 
be expected to bear so high a strain as this. Best best is the quality most 
usually specified ; but charcoal wire seems to be more permanent than the 
inferior brands. The wire should in no case be hard or brittle. Bright 
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wire is generally used for the smaller gauges, and black wire for the larger 
gauges, unless the wire be galvanized. Table V. gives the relative weights 
per knot of the dilBferent gauges, according to Messrs. Johnson, of Manchester. 
The weight of a wire per knot in lbs. is nearly equal to the square of the dia- 
meter in inches, multiplied by 16100 or, say, 16100i'. The wires are 
joined by welding and the cables by splicing. These operations require no 
special description. Welds should not be allowed in two wires of a cable at 
the same point, or near the same point. 

Table V. 
Showing Weights of Iron Wire of Different Gauges. 

B.W.G. lbs. per knot. 

00 2066-68 

1716-48 

1 1393-92 

2 1212-20 

3 1048-32 

4 872-80 

5 748-80 

6 622-08 

7 529-92 

8 449-28 

9 368-64 

10 305-82 

11 241-99 

12 184-32 

13 144-00 

14 109-44 

15 86-40 

16 65-66 

17 50-68 

18 39-16 

4. Sheathing-maehines, — ^These apply the wire with a constant tension, 
and so as not to twist it, keeping one side always uppermost ; so that if it 
faces the core below the cable it will be turned away from the core at the 
top. To do this, each bobbin holding the wire moves parallel to itself. The 
effect of this arrangement was experimentally shown with the india-rubber 
tube to ^represent a wire. The effect of the other arrangement, in which the 
bobbin moves round the cable fast on a disk, as the arm of a wheel moves 
round the nave, or as the moon round the earth, was also shown. This 
arrangement twists the wire. Cables made with twisted wire are weaker 
and less manageable than those made with imtwisted wire. • 

5. Permanency of Cables. — ^The wires of cables may rust or be chafed 
through on rocks, or be eaten through by some chemical action other than sim- 
ple rusting, or they may be broken by anchors. Any motion in the water round 
a cable much acoalerates the rusting away, and chafing depends wholly on 
this cause. In some bottoms, even in still water or great depths, decay 
does occur very rapidly ; and this must be due to some other cause than simple 
rusting. Large wires are the natural protection to injury from the causes 
enumerated. Galvanizing also protects the wires from simple rust. In 
some situations the simple unprotected wires remain wonderfuUy unaltered ; 

p 
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bnt protectioxi, where possible, Bbould always be given. Bright and Clark's 
silicated bituminous compound applied over the wires affords the best pro- 
tection yet known. The Persian-Gulf Cable is coated with it from end to 
end. To ensure permanency, cables in shallow seas were now laid weighing 
as much as ten tons per mile, with shore ends weighing nearly twenty tons 
to resist anchors (vide England-Holland Cables, Appendix). Many heavy 
shore ends were covered with strands of wire instead of simple wires. Mr. 
Siemens proposed to apply a covering of hemp outside the iron wires and to 
wrap this round with a zinc armour. 

6. Statistics of Cables in Shallow Seas. — The total failures of all kinds, in 
shallow water, excluding the cables which had no proper outer iron protection, 
did not amount to 100 miles. About 2350 miles have been laid, which 
worked for some time, but are now abandoned. Of these, 1400 miles weighed 
less than one ton per mile, a weight which, for shallow seas, is now 
known to be absurdly insufficient ; these worked for about two years upon an 
average. 950 miles weighed more than one ton, but not more than two tons 
per mile : the average life of these cables was five years. 5000 miles are 
now certainly at work, possibly more ; they have already worked upon an 
average four years and a half : they include one cable which has worked for 
15 years, and several 13 years old ; but the average is lowered by the .long 
Malta- Alexandria and Persian-GuLf cables, only lately laid. Every one of 
these cables, except the Malta- Alexandria, not originally designed for shallow 
seas, weigh more than two tons per mile. The interruptions on the lighter 
cables are somewhat frequent : on the Malta- Alexandria they have averaged 
four days per 100- miles per annum ; even this is not worse than the best 
land-lines in India, and is ten times better than the worst land-lines in 
India. 

7. Maintenance and Returns from Cables in Shallow Seas* — The average cost 
of maintaining cables of the Submarine and Electric Telegraph Companies has 
been for some years from £8 to £9 per mile, excluding the cost of total renewals, 
which should be provided for by a reserve fund. The expense of the Malta- 
Alexandria repairs is not known. This line has earned as much as £8000 
in one week, or atthe rate of ..£117 per knot per annum. In one year the 
average earnings during the time it was open were at the rate of more than 
£90,000, or £68 per knot per annum ; allowing for interruptions, the maxi- 
mum earnings in one year were £64,000, or £48 per knot. The Persian- 
Gulf cable is said to be earning at the rate of more than £100,000 per annum, 
or £85 per knot per annum. Neither cable has yet worked under favour- 
able conditions ; the former ends in a ctd-de-sac, and the land-lines con- 
nected with the latter are so badly worked as to cause extreme delay and 
uncertainty. Such cables can be laid for sums varying from £300 to £400 
per knot. The receipts on the Submarine Company's lines seem lately to 
have been at the rate of about £85 per knot of cable, or £26 per knot of 
insulate'd wire. 

8. Deep-Sea Cables. — Cables laid in less than 1000 fathoms would now 
hardly be considered deep-sea cables ; but formerly a depth of 300 or 400 
fathoms was thought sufficient to entitle a cable to be put in this class, and 
the old classification has been adhered to in preparing the statistics of shallow- 
sea cables. A cable to be laid in a deep sea must, of course, be strong both 
absolutely and relatively to its weight in water ; it must be light, or the 
great lengths required cannot be conveniently carried ; it must not be liable 
to stretch, and it must coil well and be paid out easily. At first, light spe- 
cimens of the form already described as used for shafllow seas were generally 
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TablhYI. • 

Compiled from App. 10 to the Beport of the Joint Committee on Submarine Cables 

(Oisbome, Forde, and Siemens). 



• 


Breaking-strain, cwts. 


Blongation in percentage of 
length. 


Materials* 


Max. 


Min. 


Mean. 


Max. 


Min. 


Mean. 


No. of 
Experi- 
ments. 


Steel wire 0079 in. diameter 


8-50 

4-50 

9-25 
1300 


800 

4-18 

9-25 
1212 


8-20 

4-35 

9-25 
12-59 


1-80 

0-72 

1-77 
3-12 


1-00 

0-46 

1-77 
2-32 


1-41 

0-65 

1-77 
2-63 


5 

7 

3 
6 


Iron wire 0*079 in. diameter 


Steel wire with 4 strands f i in. lay 
of Manilla hemp ..... \ l| in. lay 


Steel wire with 4 strands/ | in. lay 
of Bussian hemp \ l| in. lay 


100 
11-76 


9-50 
10-87 


9-70 
11-42 


2-18 
270 


1-80 
2-28 


1-76 
2-45 


3 
6 


Iron wire with 4 strands 1" j in. lay 
of Manilla hemp l ^ J in. lay 


4-76 
8-50 


4-60 
8-12 


4-62 

8-28 


0-79 
2-80 


0-47 
2-56 


0-63 
2-62 


3 
4 


Iron wire with 4 strands/ | in. lay 
of Bussian hemp \ l{ in. lay 


5-00 
7-43 


4-76 
5-00 


487 
6-20 


0-92 
2-46 


066 
104 


0-82 
1-82 


3 
6 


Manilla hemp weighing 0*05 lb. to I 
0-0615 lb. per fethom / 


3-87 


362 


3-75 


».. 


* .. 


2-62 


2 


Bussian hemp weighing 041 lb. to 1 
0-45 lb. per fathom / 


3-50 


2-25 


2-87 


1-60 


1-00 


1-30 


2 



employed. The Bed-Sea cable is a fair Bample. The first Atlantic cable is 
very similar ; but the simple outer "wires were replaced by strands of still 
smaller -wires. The examination of Table lY. will show bow far these cables 
met the above requirements. They could support from 4000 fathoms to 
5000 fathoms of tiiemselves hanging vertically from the ship. 'They could 
be laid, and about 7000 miles of this class were laid, in depths ap- 
proaching or exceeding 2000 fathoms ; and these cables have even, for a 
few miles, been hauled back from these depths. They seldom broke while 
being laid, but they were not permanently successful. Communication 
generally ended within a year from the time it was established, and the 
outer covering was then too much rusted to allow of repairs. The 
causes of failure were many, — bad gutta-percha joints, bad copper joints, 
injuries to the insulator before the cable was laid, high battery-power burn- 
ing small faults into big ones and eating away the copper ; lightning, from 
which they were often unprotected. These may be instanced as known causes 
of failure. It is also said some cables were laid too light, and sprung asunder 
when the iron wires rusted. It may be conjectured that when these wires 
rusted the gutta-percha could not bear the cable if suspended across a hollow ; 
these are less probable causes of failure, but it is certain that the rustii\g of 
the outside and the failure of the cable generally coincided as to time. The 
failure was seldom gradual ; it was almost, if not always, accompanied by a 
total fracture or interruption in the copper. "When any of these injuries 
did occur they were irremediable. The first important modification of the 
common form was to adopt steel wires instead of iron, reducing their number, 
and enveloping them in hempen strands, so as to produce a cable which ex- 

p2 
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temally looks like a hempen rope« Many excellent experiments were made 
on this form of cable (which was subsequently chosen for the second Atlantic) 
by Messrs. Gisborne and Eorde, aided by Mr. Siemens. These experiments 
arc given in full in Appendix 10 to the * Eeport of the Joint Committee on 
the Construction of Submarine Cables,' published by government in 1861. 
The great strength, both absolute and relative, of this form may be seen 
from Table lY., showing that these hemp and steel cables will support 
11000 fathoms of themselves hanging vertically in water. The mass of 
steel required to cover the core is diminished by the use of hemp ; but as 
hemp is no lighter than water, it does not buoy up the wire. A steel wire 
simply wrapped up in hemp weighs much the same in water as a bare wire, 
and therefore wires, whether simply wrapped in hemp or bare, will support 
equal lengths of themselves in water ; but the hemp may be so applied as to 
add all its strength to that of the steel, although the extensibility of the two 
materials is different. To do this the hemp must be spun round the steel with 
a definite lay, to be ascertained in each case by experiment. Table YI. shows 
the strength of iron and steel strands wrapped with Eussian and Manilla 
hemp, and with | lay and 1| lay respectively; also the strength and streteh 
of the separate materials. It will at once be seen that a difference of lay 
produces an extraordinary augmentation in the breaking-strain and in the 
elongation. The stretch of a wire when approaching its breaking-strain is 
concentrated nearly at one point, where it rapidly diminishes in diameter. 
The effect of the hemp is to support the wire at a number of successive weak 
spots of this kind, and thus greatly to augment the elongation before break- 
ing ; but it will further be observed that the breaking-strain of the combined 
materials is actually greater in some cases than the sum of the strengths of 
the separate materials. Thus the sum of the Manilla and steel, taking the 
mean strength, is a little less than 12 cwt. ; but the mean of the combined 
strand is more than 12 J cwt. "With Russian hemp the sum of the separate 
strengths is 11-07 cwt., but the combined strand supported 11*42 cwt. The 
results with iron do not show this anomaly ; but the apparent paradox with 
steel wire has been fully confirmed by independent experiments made for 
tbe Atlantic Telegraph Company. The explanation is, that when tested 
separately we have the strength of the weakest points or smallest sections 
of the wires and strands ; but these materials are never uniform, and when 
combined, as it is most improbable that the two weakest points should coin- 
cide, we obtain the sum of their mean sections or strengths. The cables 
formed by these hemp- covered steel wires are very strong. Table IV. shows 
that the Atlantic cable, relatively and absolutely, is the strongest cable yet 
made, bearing more than twice as great a length of itself as the old iron 
cable. The new form stretches more than the old. The hemp may be eaten 
off or decay from the wires, weakening the cable, and the hemp affords less 
mechanical protection against injury ; but the stretch is never such as to 
endanger the core, as has been proved by repeated experiments, and the most 
serious defect of the cable is probably its expense. 

9. Proposed forms of Deep-Sea Cables. — llowett's hempen rope could cer- 
tainly be laid. The lecturer has had no sample of it, but fears it would be 
extensible. Allan's cable could also be easily laid, so far as its strength is 
^concerned. It is said to coU badly ; but the lecturer has not seen this 
tested. The proximity of the copper and steel inside the cable might cause 
the steel to rust and burst the core. Still it is desirable that this form 
should be practically tested. Mr. Siemans's cable, also mentioned in Table 
-IV., will be found described in the Appendix to this lecture. The stretched 
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hemp has great strength and elongates little, but has to carry an immense 
load of copper, which does not add to the strength of the cable. The phos- 
phorized copper sheathing would probably be very permanent. Tbis cable 
has actually been laid and is now working. A trial of it was not successful 
in deep water, but a piece was recovered from 1600 fathoms. Duncan's 
cable, covered with phated ratan, is too extensible ; and the ratan, though 
durable in water, does not add much tensile strength. The lecturer has had 
a sample of cable made, in which he used Siemens's stretched hemp covered 
with Duncan's plaited cane. Its properties are given in Table lY., and its 
specifications in the Appendix. This cable combines great strength, small 
elongation, lightness, and cheapness. A bare gutta-percha core could be 
laid easily, but could not be recovered from great depths. 

10. Statistics of Deep-Sea Cables, — Excluding the 1000 miles in abeyance 
under the Atlantic, and the cable lost in the first experimental trips in the 
Atlantic, only some 500 or 600 miles of cable have been lost during laying. 
About 9000 miles have been laid and worked a little while, but are no 
longer working. From 700 to 850 miles are now at work ; but much of this 
is in no great depth. The Barcelona Mahon cable, believed still to work, 
although faulty, is included in this list. There is but one quite sound cable 
lying at work in more than 1000 fathoms, viz. that between Sardinia and 
Sicily, 243 miles long. One section of the Malta- Alexandria cable is in 
420 fathoms, and has never shown any deterioration. The probable causes 
of failure have already been enumerated. 

11. The general conclusions to be drawn from the statistics given in this 
lecture seem to be : — that in shallow seas, by laying heavy strong cables, we 
can ensure, and have obtained, success, both from an engiueering and com- 
mercial point of view; that in deep seas we have hitherto failed, but that 
success is not unattainable, and may probably be reached by various methods. 
The lecturer believes that while in shallow seas, where repairs are possible, 
cables can hardly be laid too heavy or at too great an expense, in deep seas, 
where repairs wUl always be precious, they can hardly be laid too light o^ 
too cheap. 



Appendix I. — Specification of Cables in Tables, 

1. First Atlantic. — Core (vide Table III., p. 205) covered with 18 strands 
of 7 bright best charcoal wires 0-028 in. diameter, called Wo. 22, Total 
diameter 0-62 in.; weight of iron 15*64 cwt. per knot. 

2. Red Sea. — Core (vide Table III.) covered with 18 bright iron wires 
(? charcoal), called No. 16, B.W.G. ; diameter 0-077. Total diameter 0-56 
in. ; weight of iron 16 cwt. per knot. 

3. Malta- Alexandria. — Core (vide Table III.) covered with 18 bright 
charcoal iron wires, each 0*12 in. diameter, called No. 11 (?). "Whole cable 
0-85 in. diameter ; weight of iron 33*56 cwt. per knot. 

4. Persian-Gulf. — Core (vide Table III.) covered with 12 galvanized iron 
wires, 048 in. diameter, called No. 7^ (?) ; diameter of iron cable 0-9 in. ; 
covered with hemp and bituminous compound to 1-25 in. diameter ; weight 
per knot of completed cable 3*7 tons. 

5. England-Holland main cable. — 10 black wires 0-375 in. diameter, called 
No. 00 ; external diameter 1-58 in. ; weight per knot 10*4 tons : shore end 
15 wires, 0*22, called No. 5 ; covered with 12 strands made of 3 wires of 
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same diameter, oovered with Bright and Clark's oomposition to 2 J in. dia« 
meter ; diameter of iron 2 in., and weight per knot 19*6 tons. 

6. Toulon-Algiers. — Core (vide Table III.) covered with 10 steel wires, 
each enveloped in four strands of Easaian hemp ; diameter of steel wires 
0*08, called No. 14 ; diameter of strands about 0*2 in, ; weight of hempen 
strands (?) ; diameter of completed cable 0*8 in, ; weight in air 1*31 
ton. 

6. Steel and hemp-coated Gibraltar (proposed).— Core like Malta- Alex- 
andria, covered with 12 steel wires in 4 hemp strands. Diameter of wires 
0*08 ; weight of steel per knot 10*55 cwt., of hemp 6 cwt. ; lay of hempen 
strands 1| in. ; diameter of completed cable 0*875 in, 

7. Iron and hemp-coated Gibraltar (experimental). — ^Like No. 6, with 
iron instead of steel. 

8. Becond Atlantic Cable. — Core (vide Table III.) covered with 10 bright 
steel wires, each in 5 Manilla hemp strands ; diameter of each wire 0*095 in., 
called No. 13 ; diameter of strand about 0*28 in. ; weight of hemp strands per 
knot about 12*8 cwt. ; lay of hemp strands 3 in. Webster and Horsfedl's 
homogeneous steel ; diameter of competed cable 1*125 in. ; weight of steel per 
knot about 13*75 cwt., and the serving round core about 2*2 cwt. 

9. Siemens's copper-covered cable.— Sample in Table V. Copper conductor 
550 lbs. per knot, insulator 420, diameter of core 0*52 in. Stretched 
hempen strands 440 lbs. per knot ; copper armour 675 lbs, per knot ; dia- 
meter of completed cable 0*75 in. 

10. Allan's cable. — Sample in Table V. Solid copper conductor 0'114 in., 
weighing 240 lbs. per knot, surrounded by 19 steel wires 0-02 in. diameter, 
weighing 120 lbs. per knot ; diameter of steel strand 0*16 in., covered with 
300 lbs. of gutta-percha, diameter 0*456, and canvas web : total diameter 
0*522. 

11. Batan and stretched hemp (sample in Table V.). — Core 3*63 cwt. per 
knot ; diameter 0*34 in., covered with 15 hempen strands, weighing 1*84 cwt. 
per knot, and covered with plaited ratan cane^ weighing 1*84 cwtt ; total dia- 
meter 0*625 in. 



LECTUEE llh 
Layiko and Eepairing Cables. 

The lecturer mentioned that he had received a letter from Messrs. "Wells 
and Hall stating that some lengths of their india-rubber cables had been at 
work for some time under water. This was not doubted, but did not affect 
the original statement that much india-rubber had decayed, whereas no 
gutta-percha under water had decayed. Mr. Hooper had also misunderstood 
the statement in the abstract that pure india-rubber yielded to continued 
pressure ; this was not meant to apply to Mr. Hooper's material, which is 
always more or less vulcanized. Attention was also drawn to a map of the 
telegraph lines between Europe and the East, prepared by Messrs. Bright and 
Clark, and kindly lent by them. The following is an abstract of the lecture 
arranged under the heads of the syllabus : — 

1. Stowage on hoard ship, — ^The cable is coiled into large circular, or nearly 
circular, coils, so as to uncoil without receiving a twist, as shown on the last 
occasion. The coils are now held in iron water-tight tanks, and remain con- 
stantly under water. Tanks were first made for the Ked-Sea cable, but first 
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used for the Malta-Alexandria cable. The tanks in the ' Great Eastern * 
were three in number, from 51 ft. 6 in. to 58 ft. 6^. diameter, and 20 ft. 6 in. 
deep. To prevent rolling, their centre of gravity should be only slightly 
below the water-line. If the water be withdrawn from the tanks before the 
cable is paid out, the wires rust, and the chemical action heats them inju- 
riously ; with galvanized wires or cables covered with Bright and Clark's 
composition this heating does not occur. The eye of the coil round which 
the cable lies, generally from 6 to 8 feet in diameter, is filled with a cylinder, 
to prevent the bight of the cable from falling down, and possibly forming a 
kink or loop. Mr. Ne waU uses a cone permanently fixed in the centre of the 
coil. Messrs. Glass and Elliot lower their solid eye as the uncoiling pro- 
ceeds. The cone appears to the lecturer to afford the best guarantee against 
kinking. It was used in the Persian-Gulf expedition. When running out 
at high speed the cable, if unchecked, would fly out, urged by centrifugal 
force, so as to be dangerous and unmanageable. This tendency is controlled 
by rings, lowered as the* tanks are emptied, and first forcing the cable to run 
horizontally towards the centre and then controlling its upward motion. 
These rings were first used by Messrs. Newall and Co. 

2. Break, — ^From the tanks the cable is laid in troughs to the break, by which 
a restraining force is applied to prevent too rapid egress. The troughs in the 
* Great Eastern,* from the fore-hold to the break, measured 450 feet. The 
cable is wound four or five times round a drum, 6 or 8 feet in diameter, and 
the rotation of this drum is controlled by friction. The turns round the drum 
hold the cable securely, and prevent its egress unless the drum itself turns. 
The riding of the cable is prevented by a simple contrivance, known as a 
knife or plough, which was exhibited on a model. On the ' Great Eastern ' 
this knife or plough could be adjusted. The simplest manner of applying 
retarding friction to the break is to hang a weight on to a break-strap, the 
other end of which is fixed. If the weight is hung from that end of the 
strap which would be lifted by the friction of the drum as it revolves, the re- 
tarding force can never exceed the weight, and a limit may be thus placed 
to the strain on the cable. But it was found in practice that with a strap 
making less than one turn round the drum, a weight of, say, four tons had 
to be applied to give a friction of one ton ; the limit due to the position of 
the weight was, in such a case, of small value, since any heating of the strap 
or dirt on its surface might rapidly increase the strain fourfold. Mr. Ap- 
pold's break remedies this defect. The principal on which it is constructed 
is illustrated by the annexed diagram. The end 
of the strap a, on which the greatest strain comes, 
is attached to a lever, hinged at c. Between the 
centre of the drum and a, the other end is attached 
to the lever very near a ; but between a and o the 

retarding friction is obviously equal to the differ- ( O ? \^efi 

ence of the strains on the ead a and h of the 

break-strap, and the weight w is almost exactly 

equal to that difference. • This relation does not 

depend on the coefficient of friction between the 

strap and the drum; if the friction increases 

the weight w is raised a little, and the lever a c, owing to the eccentrical 

position of c, slightly lengthens the break-strap, reducing the friction. The 

opposite effect occurs if the coefficient of friction diminishes. The motion 

of c a, required to tighten or loosen the break-strap, is almost infinitely small, 

so that the angles of the break-s.tr ap and lever and the relations of the strains 
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do not Bensibly vary. This arrangement was nsed on the ' Great Eastern/ 
It worked admirably, and gives a perfect safeguard against the application 
of any unforeseen strain by the friction of the break-strap. Strains may, how- 
ever, occur from other causes, and for their detection a dynamometer is used 
between the break and the stem. The cable is passed under a weighted 
pulley, at a somewhat obtuse angle. The weight thus hanging on the cable 
is raised higher and higher as the strain on the cable increases. A scale is 
constructed by experiment showing the height corresponding to each strain. 
By this simple contrivance the actual strain on the cable can be observed at 
any moment. The following is a convenient formula for calculating the re- 
lation between the strains on break-straps and the friction produced. Let Q 
be the strain on that end of the strap which holds back the wheel, P the strain 
on the other end, / coefficient of friction, and h the angle embraced by the 
strap in circular measurement (unit =57'296°). 

Then Q=e-^* P, where e=2-71828. 

/ may be taken for leather on iron =0'35 

„ „ iron on iron, wet =0*15 

„ „ wood on iron, wet, less than 0*1 

3. Theory of Submersion. — ^In October 1857, Professor William Thomson 
published in the ^ Engineer ' a short sketch of the true mathematical theory 
of the form assumed by a cable while sinking, and the strains to which it is 
subjected under various conditions. The consequences of this theory were 
much more elaborately worked out (independently of Professor Thomson's 
publication, the lecturer believes) by Messrs. Brook and Longridge, in a paper 
read before the Institution of Civil Engineers in the spring of 1858. Much 
of what follows is taken from that paper. If the ship and cable are both at 
rest in still water, the latter hangs in a catenary curve, the strains on which 
are ^own and easily computed. This case actually occurs whenever a ship 
stops paying out cable, for instance, to cut out a fault : if the cable were 
suddenly stopped so as to lie at a great angle with the vertical line, a strain 
would be produced so great as infallibly to break the cable ; thus, for a cate- 
nary in which the cable at the point of suspension lies at an angle of 9^ 30' 
with the horizon, the strain at the point of suspension is equal to 72^ times 
the weight of the cable hanging to the same depth vertically ; so that in 2000 
fathoms the strain would be equal to the weight of 145 miles of cable ; but 
the Atlantic cable would break as soon as the strain exceeded the weight of 
11 mUes. From this it will be seen that a cable cannot be immediately 
stopped whilst being paid out, but must be gradually checked while the ship 
is backed, so as to keep the cable where entering the water as nearly vertical 
as possible. Another conclusion which follows is, that the cable while being 
paid out cannot possibly be hanging in a catenary curve, since the Atlantic 
cable did lie at an angle of about 9® 30', and the strain, instead of being 
2030 cwt., was only about 12 cwt. The following consideration may help 
us to perceive how different the case of a body sinking regularly is from the 
case of a chain at rest. Suppose the ship to drop a number of spheres of 
the specific gravity of the cable into the water at regular intervals ; each of 
these would, within about two feet of the surface, acquire a definite, sensibly 

constant velocity v=a /_, where ws=the weight and q the resistance to 

the body moving at one foot per second ; these spheres, moving with constant 
velocity at constant intervals of time, would lie in a straight line from the 
surface to the bottom, and would be more or less inclined to the horizon as 
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the speed of the ship was less or greater. If the spheres were joined hy an 
infinitely thin string, to which the water offered no resistance, they would 
form a cable which could be laid without any tension whatever, and with an 
amount of slack or waste depending simply on the inclination of the line to 
the horizon. The practical case of a submarine cable lies between these two 
extremes of the catenary and the isolated spheres ; each short length of the 
cable lies like an inclined rod in the water, and has, therefore, a tendency to 
shoot back in a given direction, whereas the isolated spheres tend to fall ver- 
tically. Owing to this, cables, or, at least, heavy cables, cannot be laid with- 
out tension except at the expense of an enormous waste of cable. It will be 
unnecessary here to repeat the whole mathematical investigation which is 
given in Messrs. Brook and Longridge's paper. It will be sufficient to give 
the results arrived at. Mathematical readers will readily understand that 
th^se results are calculable from the data given : — 

t;=the velocity of the paying-out vessel in feet per second. 

Vjssthe velocity of the cable paid out in feet per second. 

w=the weight of one foot length of the cable in lbs. 

f =the angle which the cable at the surface makes with a horizontal line. 

^=5 the height of any point A from the bottom of the sea. 

g'=»the resistance in lbs. which the water opposes to the motion of each 
foot of the cable moving perpendicularly to itself, at the speed of one foot 
per second ; q may be called the coefficient of resistance to displacement. 

q^=the resistance in lbs. which the water opposes to the motion of each 
foot of the cable drawn through it lengthways, at the speed of one foot per 
second ; q^ may be called the coefficient of friction. 

m=the resistance in lbs. which the water opposes to the motion of each 
foot of the cable moving perpendicularly to itself, at the speed of v feet per 
second; m is assumed =:qv^, 

m^ = the resistance in lbs. which the water opposes to the motion of each 
foot of the cable drawn through it lengthwise at the speed v; m^ is assumed 

<=tension in lbs. at point A, which in what follows will be assumed as at 
the surface, where the maximum strain occurs. 

Then if the cable be laid without any tension at the bottom, which is now 
invariably done, the equation to the curve assumed by the cable will become 
the equation to a straight line inclined at an angle to the horizon such that 
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Or, what amomits to the same. 



COS^^^'V" 

sin^^"" w '^ 



From' this it ippears that the angle at which any given cable will be paid 
out is (when not tight at bottom) independent of the tension t (or of the 
velocity v^), and is dependent simply on the velocity v of the ship. Cables 
which are bulky for their weight, or, in other words, are of light specific 
gravity, lie at a small angle ; but by increasing the ship's speed any cable 
may be paid out at a small angle. We find farther, when no slack is paid 
out, 

/ ,(l-cosd>A 
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ufwis aimply the weight of a length of the cable hanging plomb from the 
ship to the bottom. This is the maximum tension that can be required to 
lay any cable without slack. This tension is always slightly diminished by 
a certain small portion of its amount^ constant for a given spoed and cable. 
The annexed diagram may help to explain the results arrived at. The cable 
A O9 lying on an inclined plane of water at the angle 0, is earned by a ten- 
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^^^^^^^^^^^^^^ 



sion equal to the weight of a length A B of cable, somewhat as a chain would 
be in equilibrium lying on a frictionless inclined plane A C, and hanging 
down over a pulley at A to the depth B ; but the inclined plane of water is 
not at rest ; it yields under the cable at every instant at every spot : if the 
cable were pressed through the water in a direction perpendicular to itself, 
so that the plane of water yielded before the pressure of the cable, and did 
not sUp along it at all, the above analogy would be perfect, and the tension 
at A would be simply equal towa; but since we have supposed the cable 
to be laid without tension, and without slack at the bottom, any point D 
must finally come to a point E, such that E C=D C ; and it will be easily 
seen that the point D to do this must move in a straight line E D. Now this 
line D E is not perpendicular to A C ; it faUs within that perpendicular, D P ; 
so that if we suppose the plane of water under A C to yield perpendicularly 
before it, we must also conceive the cable as slipping back a little on the 
plane by an amount corresponding to the space between D F and D E ; but 
this slip is opposed by the friction of the water, which thus tends to prevent 
the cable from running back on the inclined plane, and so relieves the tension 
by a small amount. This amount is so small that it may be practically neg- 
lected, and would not have been mentioned did not the same considerations 
enable us to understand the effect of laying cable with a certain amount of 
slack. "When this is done a point, D, moves in a line, say D G, differing 
much more in direction from D F than D E does. When much slack is laid, 
the cable slips- back at a considerable velocity on the inclined plane, and 
meets with a frictional resistance tending considerably to relieve the tension. 
Thus, when the cable is paid out at a velocity v^, we have . 



i = 



(j'cos0)n 



iV'-m 



sin0 



(4) 



When v^ is considerably in excess of v, the fraction of the whole tension 
which the friction m} subtracts from w a: is very considerable. It also in- 
creases rapidly as the speed of the ship increases, and it ftirther increases if 
the specific gravity of the cable be small ; for then it lies at great length in 
the water, presenting an immense surface to be gripped by the water. The 
friction on each foot is but smaU ; but when twelve or thirteen miles of cable 
lie in- the water, presenting a surface of 70,000 or 80,000 square feet, the 
result is practically very important. Assuming a mean speed of 10'4 feet 
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per second as that at which the Atlantic cable was paid out wb^n lying at 
an angle of 9^ 30' in 2000 fathoms of water, with a tension of 12 cwt., we 
obtain the following values for the constants r-^ 

?,«0-0085Lo?)81 D } ^^^^ D«diameter of cable in feet. 

From some observations it would seem as if the angle had been even less 
than the above, in which case q would be larger and q^ smaller. Prom 
Beaufoy's experiments we should have expected q to be more nearly 0*65 D ; 
but the roughness of the cable may account for the difference, as it certainly 
does for the great difference in the coefficient of friction, which is nearly 
eight times that which a smooth surface would present. It is probable that 
for a smooth iron cable the value of q^ would be* more nearly equal to 
0-001 D, and q =a 0*065 D. One reason will now be plain for giving in the 
foregoing tables the strength of the various cables relatively to the depth in 
which they are to be laid. The strain required to lay them is always a 
fraction of that depth ; but the strain will not be always the same fraction of 
the depth, but will be smaller for the lighter cables when laid slack* 

4. Application of Theory. — ^The practical results of equation (4) are most 
important. To lay any cable, however light, quite taut, we require nearly 
the tension due to a weight of the cable hanging plumb from the surface to 
the bottom; but by increasing the bulk of any cable, though we do not 
diminish its actual weight, we may, by laying a little slack, diminish the 
tension very greatly. With such a cable as the second Atlantic the tension 
was thus diminished more than half; to lay it taut would have required 
nearly 28 cwt., and 12 cwt. was the amount actually required when about 
15 per cent, slack was paid out. The strain could be maintained constant in 
all depths by allowing a little more slack to run out in deep water, and even 
this could be prevented by a slight increase in the speed of the ship, No 
relief at all comparable to the above is obtained by paying out heavy cables 
slack ; but, on the other hand, stiU lighter cables can be paid out under still 
more favourable conditions. The ratan and hemp cable (No. 11, Appendix I.) 
would, with 12 per cent, slack, be paid out without any strain at all ; and 
if more slack than this were desired the cable would have to be pushed out 
of the ship. Nearly the same might be said of a bare gutta-percha wire. 
The Atlantic cable, in the last expedition, was laid in depths varying from. 
1750 to 2000 fathoms, at speeds for the ship varying from 4| to 6| knots 
per hour, while the cable ran out at from 5 to nearly 8 knots per hour. 
The angle, according to one method of observation, viaried from 9° to nearly 
12^, but was somewhat less according to other observations ; 9^ 30' seems to 
have been a usual angle. The slack paid out in deep water ranged from 

9 per cent, to about 18| per cent. On the last day the slack was about 
14-8 per cent. The strain on the cable was very constant, ranging from 

10 cwt. to 14 cwt., and generally being between 11 cwt, and 13 cwt. : the 
pitching of the ship never caused more than about 2 cwt. difference in the 
strain ; but once, when going slow to change holds, the strain was 17 cwt. ; 
this accords with theory. The lecturer has to thank the engineers of the 
Telegraph Construction and Maintenance Company for the above information. 

5, Proposed Improvements, — Reels have been proposed in ships as a 
substitute for the coils in tanks. Their great mass in motion would be 
difficult to control. Mr. Siemens actually tried with some success a reel for 
a light cable and drove it with an engine ; he abandoned the plan for the old 
system. The defects which the reel is supposed to remedy do not exist* 
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Captain Selwyn has proposed to use a reel floating in the sea, ingeniously 
retarded by paddles, which would prevent too much slack from being laid. 
It hardly becomes a landsman to tell a sailor that such a reel would be un- 
manageable ; but the difficulties of coiling in water, of launching the reel if 
coiled on- land, of protecting the surface of the cable against collisions, of 
testing the cable, of remedying any defect, should any arise, and even of 
preventing one coil from cuttmg into those immediately below it seem un- 
avoidable, and the defects the invention is supposed to remedy are imaginary. 
Buoys have been proposed to relieve the cable from part of its weight ; any 
hollow buoys would be crushed very shortly after leaving the surface. Mere 
wooden floats would do little, and be difficult of attachment. This invention 
also labours under the disadvantage of being unnecessary, since cables can be 
paid out with 12 cwt. Strain or less, which will bear 150 cwt. Vanes on a 
cable, opposing its slipping backwards, would be correct in principle, although 
probably quite impracticable ; the result aimed at is obtained by increasing 
and roughening the surface of the cable. Most engineers who have had 
practical experience deprecate any attempt to catch the cable by nippers 
after it has left the ship. The danger of fouHng is more considerable tiian 
the extra chance of safety given by the nipper. Lastly, many proposals 
have been made for some kind of elastic arrangement, to compensate for the 
change of strain caused by the rise and fall of the ship. When cables are 
paid out so nearly horizontally as is now the case, these arrangements, even 
if practicable, are not required ; the alteration of the strain caused by the 
motion of the ship is quite inconsiderable, and there is great difficulty in 
devising any elastic arrangement which, by the inertia or momentum of its 
parts, would not aggravate the evil, such as it is. Unless when going very 
slow, in very bad weather, the best conceivable elastic arrangement would be 
useless, if not injurious. 

6. Bepairs in shallow water, — So long as the outer wires of a cable remain 
sound, repairs in shallow water are always easily effected. The cable is 
caught by a grapnel, lifted to the surface, cut, tested ; and if the fault be 
near at hand, one end of the cable is buoyed, the other end passed round a 
drum driven by a steam-engine, which gradually hauls in the cable till the 
fault is found, when it is repaired, the cable again paid out, and spliced at 
the part buoyed. Bad weather and a rocky bottom are the chief difficulties 
to be contended with. Sometimes the cable is not cut or hauled on board, 
but simply underrun, passing over a grapnel or sheave hung outside the bows 
of the ship ; as the ship moves forward the cable rises in front and is again 
lowered behind the ship. There are many points of practical interest 
connected with repairs in shallow water, and the lecturer refers those who 
require further details to Mr. F. C. Webb's paper in the * Transactions of the 
Institution of Civil Engineers,' 1857-58. If the bottom be good, i,e, sandy 
or muddy, cables csm always be recovered within 100 fathoms, and they are 
frequently hauled up in much greater depths. 

7. Hepairs in deep seas, — The only method hitherto practised with success 
has been to commence in shallow water and gradually haul the cable on 
board as described above. By carefully keeping the cable hanging vertically 
from the bows the strain on it will not greatiy exceed in calm weather the 
weight of the cable hanging plumb from the ship. Cables have been re- 
covered in this way out of depths of 1000 and 1500 fathoms at the rate of 
about a mile per hour. Messrs. iN'ewall were very successful in the Medi- 
terranean in recovering many cables by this plan ; and the lecturer has seen 
9 cable hang for three days at the bows of a ship where the depth was 800 
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fathoms, wbile the ship pitched violently owing to bad weather ; the cable 
did not break, and was relaid with success. Even in this case the rise and 
fall of the ship did not injure the cable ; but the change in the strain on the 
cable was great, and any good elastic compensation would have been useful ; 
the cable itself, yielding say | per cent, in a mile, gives a certain elasticity. 
Although this method of recovering deep-sea cables is not hopeless, the risks 
are great ; bad weather or a weo^ point in the cable entail almost certain 
failure. A good nipper to catch the cable, should it break inboard, as it 
frequently, does, might be of material service. Few persons will be sanguine 
enough to expect that a cable could be steadily picked up for 1000 consecu^ 
tive hours, or say forty days, with about half its theoretical breakingnstrain 
necessarily always upon it. "We should, therefore, be grateful to the engi- 
neers in charge of the late Atlantic expedition for showing us that even in 
2000 fathoms of water the attempt to hook a cable with a grapnel is far 
from hopeless. The chance of success by this method will now be examined. 
If a cable were laid absolutely taut sdong the bottom of the sea, when 
hooked by the grapnel it would rise a little way in virtue of its elasticity ; if 
it stretched one per cent., by the time ten miles of it were off the ground the 
apex would be half a mile from the ground (a result few are prepared to 
expect) ; but the strain on the cable where]caught would be very great, equal 
to the weight of about 24 miles of the cable, though the weight on the 
grapnel-rope would be only that of ten miles of cable. The result, therefore, 

Tablb VII. 

Giving length of cable lifted with a given slack, and hanging in a catenary 

curve, &c. 



Slack in per- 
centage. 


Tension at highest 
point in termft of the 
weight of a length of 
cable hanging irerti- 
cally from the sur- 
face to the bottom. 


Length of curve in 
terms of yersine. 


liength of yersine 
of span 100. 





infinite 


infinite 





1 


47-6 


19-42 


6-2 


2 


20-8 


12-75 


8-0 


3 


13-5 


10-20 


10-1 


4 


10-0 


. 8-74 


11-9 


5 


8-18 


7-84 


13-4 


6 


6-90 


7-16 


14-8 


• 7 


6-01 


6-64 


16-1 


8 


6-39 


6-24 


17-3 


9 


4-88 


6-92 


18-4 


10 


4-62 


5-67 


19-4 


11 


4*18 


5-43 


20-45 


12 


3-89 


5-21 


21-5 


14 


3-49 


4-89 


23-3 


16 


3-12 


4-58 


25-3 


18 


2-89 


4-37 


27-0 


20 


2-67 


4-17 


28-8 


22 . 


2-48 


3-98 


30-6 


24 


2-39 


3-89 


31-9 



»> 
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tabm vm. 



r • 



Showing the length of a catenary curve of constant span = 100, with yarious 
deflections at the centre, and giving strains at highest point in terms of 
the unit length of chain. 









Strain at highest 


Froportion of 


Length of Tereme 


Length of 


point in terms of 
the unit length of 


Tenine to «pan. 


or dip. 


curre. 








fUmin, 





0-00 


100-0 


infinite 


Vj 


8-33 


1021 


160-9 


s 


^•09 


102-6 


149-3 


X L 


10-00 


103-0 


137-6 


I 


11-11 


103-4 


125-8 


1 


12-50 


104-3 


115-2 


1 


14-29 


106-4 


104-3 


1 

6*6 


16-38 


106-4 


99-7 


5*5 


16-67 


107-3 


94-5 


18-18 


108-9 


90-5 


4*5 


20-00 


110-4 


86-2 


22-22 


112-4 


82-1 


^m %^ 


25-00 


115-4 


79-1 


1 


33-33 


126-4 


76-6 


* 


60-00 


177-3 


103-5 



of trying to raise a cable such as the Atlantic laid taut would certainly be 
to break it ; but cables are not laid taut in deep water, and the Atlantic is 
laid with a mean slack of about 12 per cent., and in the last days we may 
even count on 14 or 16 per cent, slack — that is to say, for every 100 miles 
passed over, 114 or 115 miles of cable were laid. Lay on the floor 114 
inches of chain, between two points 100 inches apart; lift it in ^he middle on 
a hook, the two ends will hang down in catenary curves ; and when the cable 
at the extremities is just off the floor, the hook will be 23-3 inches from the 
floor. Quite similarly a cable laid with 14 per cent, slack will, when caught 
by the grapnel, hang in two half catenary curves; and by the time 11-4 
miles of the cable are off the ground, the grapnel will be 2330 fathoms £rom 
from the bottom, i,e, at the surface of the Atlantic. The strain on the 
grapnel-rope will be the weight of the cable lifted, or about 12-4 miles ; the 
strain on tiie cable itself at the point of suspension will be much less, being 
only about 3| times the weight of the cable hanging vertically, or say 8 
miles of cable. (Observe that the strain on the cable and the weight of the 
cable are not synonymous. "When the two er.ds hang plumb, the strain on 
the cable at top is half the weight of the cable carried. "When there is little 
slack, the strain is much greater than the weight carried.) If the depth 
were only 2000. fathoms, the strain on the cable when brought to the surface 
would only be equal to the weight of about 7 miles of cable. Moreover, the 
actual cable is not held at any point except by its own weight, and there 
will be a pull at the bottom tending to haul in slack towards the grapnel 
amounting to several tons : but, even without countiiig upon slack obtained 
in this way, it is clear that if the cable will bear 11 miles of its own weight, 
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it could, under favourable circumstanceB^ be hauled to the surface by a single 
grapnel. 

Tables VII. and VIII. gird the proportiond and strains on catenaries in 
various convenient practical forms. Thus, from Table YII. we see tha4; if 
ten per cent, slack be laid, the maximum tension on the catenary lifted ia, 
say one mile, will be the weight of 4*52 miles of cable ; in two jniles depth 
the strain would be the weight of 9*4 miles of cable. In the latter case, 
2 X 5*67 B 11*34 miles of cable wiU be off the ground, and the grapnel-rope 
must be strong enough to bear this. Table YIII. gives similar information, 
supposing we do not start from a definite percentage of slack, but know the 
proportion of the dip made by a rope to the strain. But although &om these 
tables it appears' that the Atlantic cable might be lifted by sheer puUing, 
this course is not advisable, owing to the extra strains produced by the heave 
of the ship, the resistance to displacement by the water, the friction of the 
water, possible currents of water, the possible drift of the ship to one side of 
the cable, and the possible existence of a weak point in the cable. Owing to 
all these elements the practical chances of success by sheer pulling are very 
small. It has been proposed to lift the cable by a number of slups, acting 
like so many piers to a suspension-bridge. It is difficult to suppose that 
they would keep their respective positions accurately, or all haul in at the 
proper rate. It has aUo been proposed to catch the cable at one point, then 
at another nearer the end, then to drop the first grapnel, and catch the cable 
again nearer the end, and so, working hand over hand, reach a point at last 
so near the end that the cable could be lifted nearly vertically. This is 
better than the last plan, but is unnecessarily complicated, and the cable 
might easily be injured in the attempts to catch it at so many points. The 
simple plan which at once occurred to all practical men, is to catch the cable 
with o^e ship by a holding-grapnel, and then to cut it with a grapnel from a 
second ship, some three mUes to seaward ; the loose end held by the first 
ship could then be hauled on board with little strain. This plan will 
probably be adopted, with much chance of success. It is certain the cable 
w(xs caught, and probably it can be hooked again ; if so, there should be no 
difficulty in raising it, unless it is rusted to a much greater extent than we have 
any reason to expect. The grapnel of the first ship should be a holding- 
grapnel, of which several models were shown, otherwise the loose end might 
fly back over it if the second ship cut too near the first. The second ship 
should have a cutting-grapnel, of which models were also shown, lest if the 
attempt were made to break the cable by brute force it might break at an 
inconvenient point. Mr. Latimer Clark's grapnel, which would answer 
either of these purposes, was exhibited. The cable when hooked releases a 
catch, allowing a block, to which the grapnel-rope is attached, to be hauled 
up the shank, pulling round two right and left hand screws by two steel 
bands ; the screws close the jaws, which grip the cable or cut it ; or one 
grapnel may be made both to cut and grip the cable. The grapnel can lie in 
only two positions ; and if dragged in the proper directiou, cutters placed at 
two diagonally opposed comers would cut the cable certainly to seaward, and 
the jaws hold the landward end. A simple form of holding-grapnel, 
conceived by Mr. Carpmael, jun., was shown ; in this the cable is jammed 
between the prongs and a kind of half bollard. A holdfast or cutting- 
grapnel, designed by the lecturer, was also shown. Each prong is hinged on 
a pin projecting beyond the shank, and the prong is so shaped at the root 
that the cable when on it closes the prong tighter and tighter on itself, 
whereas the end of the prong when gagging through sand or mud is opened 
like a Trotman's anchor. 
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LECTURE IV. 

Electbical T^bis. 

1. Term Used. — ^In order to understand electrical tests, it is chiefly neces- 
sary to have a definite conception of what is meant hy electrical resistance* 
When the two end plates of a voltaic battery are joined by a wire or other 
conductor, an electric current flows through the conductor, Ihe presence of the 
current being shown by the power the wire has acquired of deflecting a mag- 
net in its neighbourhood. The magnitude of a current is simply proportionate 
to the force with which it acts on a magnet {cceteris paribus) : thus a magnet 
hung inside a coil of insulated wire is called a galvanometer, or current- 
measurer, since it may be said to measure the current by the deflection of the 
magnet. When this deflection is small, as was the case with the instruments 
exhibited, in which the deflection of the magnet was indicated by the motion of 
a reflected ray of light, the deviations of that ray of light from its normal posi- 
tion may be considered true relative measurements of the current pro- 
ducing that deviation. The battery may be looked upon as a constant source 
of power, and the conductor as a kind of pipe conveying the current of elec- 
tricity. The magnitude of the current depends, with a given battery, on 
what is called the resistance of the circuit. If the wire be small and long, 
the current will be feeble, and the resistance of the circuit is said to be great ; 
if the wire be short and thick, the resistance will be smalL The resistance 
of a conductor is the property in virtue of which it prevents a given battery 
from producing more than a given current, precisely as the resistance of a pipe 
to the passage of water might be defined as the property in virtue of which it 
prevents the passage of more than a certain current of water with a given head. 
The resistance of conductors varies not only with the dimensions, but with the 
materials of which the conductor is composed ; and this resistance can be 
measured, i.e, compared with the resistance of any other given wire, in virtue 
of Ohm's law, viz. that the current through a given circuit is inversely pro- 
portional to the resistance, and directly proportional to the force producing it. 
That force is constant with a given battery ; so that if we find our current 
halved by the introduction of a certain wire into a circuit> we may be sure 
that the resistance of the circuit is doubled ; but in making that calculation 
we must take into account the resistance, not only of the wire, but of the 
measuring instrument and of the battery ; when this is done the old distinctions 
of quantity and intensity currents will be found unnecessary, and indeed 
false, since a current has bat one mensurable property, viz. its magnitude 
or strength. A current existing in a circuit which already includes a con- 
siderable resistance is what used to be called an " intensity current ; " a cur- 
rent in a circuit which includes no considerable resistance is what used to be 
called a " quantity current.*' The first is little affected by the addition of a 
resistance which may almost wholly annihilate the second. A convenient 
method of measuring the resistance of a battery, due to Professor Thomson, 
is given in Appendix II. By the simple application of Ohm's law we might 
compare the resistances of two wires by observing the relative effect which 
they produce in a given circuit ; but this is inconvenient, and hardly admits 
of much accuracy. The battery may vary, both as to force and resistance, 
during the two tests ; and even if constant, the accuracy of the observation 
will be limited by the accuracy with which a deflection can be observed. 
More accurate practical tests have therefore been invented to measure and 
compare the resistance of conductors. 

2. Tests of Conductoi\ — Every test used is a test of resistance, and all depend 
on Ohm's law above cit^d } the instruments may be much varied, but the 
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convenient is probably that known as " Wheatstoni^'s balance, or diffe- 
'^^^^.al measurer." Let four wires be joined with a galvanometer and battery, 
renti ^g i . ^.j^^j^^ j£ ^^ 3^ q^ ^^^ ^ represent the resistances of the four 
^. ^^ no current whatever will pass through the most sensitive galvanometer 
wires, ^ C . . A . C 

, B ~=n' ^^^ ^t^Q ratio ^ be a little larger than ^ a current will pass 

A C 

through the galvanometer in one direction ; if r: be smaller than — , the 

B D 

current will be in the opposite direction. An explanation of this fact will 

be given in the ensuing Lecture. Four wires thus arranged allow us to 

Fig. 1. 




measure the resistance of any one of them which is not known, in terms of 
the three others : if A and B are equal, we may try how great a length of B 
is exactly equal in resistance to C, a selected standard ; and this is precisely 
the test adopted to choose copper of small resistance or good conducting 
power. C is, say, 100 inches of copper wire, known to be good. Then the 
observer tries how great a length of copper wire from a new hank must be 
inserted at D to bring the galvanometer to zero, or no deflection. If this 
length be 105 inches the new hank is five per cent, better in quality than the 
standard ; if the length be 95 inches, then the new hank is five per cent, 
worse in quality than the standard. But this' is not all : if we desire to 
measure a coil of wire having ten times the resistance of C, we may make B 
exactly ten times A ; and then, when we have adjusted the length of the wire 
D so that the galvanometer is at zero, we may be sure that the resistance of 
D is ten times C. Hitherto we have spoken of comparing two random wires ; 
but it will clearly be convenient to have some common term of comparison, 
such as the foot for length, or the pound for weight. With this view the 
resistance of a certain piece of wire is chosen as the unit, and when other 
wires are measured, instead of being always directly compared, they are 
each compared with the unit, and are said to have each so many units of 
resistance. Several units have been proposed ; the lecturer uses that known 
as the British-Association unit, sometimes called the ** Ohm." When a unit 
has been chosen, whether for length, weight, or electrical resistance, it will 
always be found convenient to have multiples of the unit for measuring large 
quantities, and fractions of the unit for comparison ynth. small quantities. 
With this object separate pieces of wire, equal to 1, 2, 3,. . . .to 1000 or even 
10,000 units, are prepared in cases, and conveniently arranged so that any 
resistance required can be selected and inserted in the required circuit. 
These cases of graduated wires are called sets of resistance-coils, and are 
variously arranged by the different makers. Mr. C. W. )Siemens and Messrs. 
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Elliott, Brothers, both make sets of British- Association coils. If, when 
possessed of such a set of coils, we receive a wire of which we do not know 
the resistance, we may arrange a Wheatstone's balance in which two equal 
coils are connected as at A and B, the new wire at D, and the set of coils at 
C. We then find by trial the number of units required to bring the galvano- 
meter to zero. If we find D too small to be conveniently measured thus, Mre 
may choose two coils equal to 1 and 100 for B and A. When the galvano- 
meter is at rest on completing the circuit, the resistance of D will be the 
hundredth part of the coils included at C. Similarly, if D be large we may 
make the coil A 1 and B 100 ; then the resistance of D will be 100 times 
that of the coils required at C to bring the galvanometer to zero. A still 
greater degree of precision in comparing C and D will be obtained if part of 
the wire between A and B be a uniform wire laid along a measured scale, 
and if the point I, to which the galvanometer wire is attached, be made 
movable along this wire, the resistance of which must be' known as com- 
pared with the other parts of A and B. Now, if A, B, C, and D are as nearly 
balanced as they can be by the addition and subtraction of units at C, a still 
more perfect balance (indicated by the absence of deflection in the galvano- 
meter) may be obtained by shifting I a little ; then, if its position be observed 
giving the exact ratio between A and B, the exact value of D can be found 
in terms of the unit used at C by a simple rule-of-three sum. In fact every 
change that the rule of three is susceptible of can be worked out effectually 
by the above arrangement, and measurements can be made without an error 
of one part in 100,000. Experiments were shown illustrating the above 
statements. It will now be seen that we have the means of comparing the 
resistance of wires very accurately, and of comparing all wires with a com- 
mon unit : but it is also convenient to be able to calculate beforehand what 
the resistance of a given wire will be or ought to be ; and for this purpose it 
will be sufficient to know the resistance of some one wire of known dimen* 
sions of each material ; the resistance of all other wires of that material can 
then be simply calculated, since that resistance is directly proportional to 
the length, and inversely proportional to the section, of the wire. Table IX. 
is a table of " specific resistances," defined in various ways. The first column 
contains the numbers which will probably be found most useful. The fol- 
lowing is an example of its use ; — Let it be required to know the resistance 
at 0° of a conductor of pure hard copper, weighing 400 lbs. per knot. This 
is equivalent to 460 grains per foot. The resistance of a wire weighing one 
grain perfect is 0*2106 ; therefore the resistance of a foot of a wire weighing 

0*2106 
460 grains will be ..^ ; but the resistance of one knot will be 6087 times 

400 

that of one foot, hence the resistance required will be^2§l2<^l?15?«:2-79 

460 

units. If the diameter of the wire be given instead of its weight per knot, 

the calculation is stUl simpler, and the constant for English measures would 

be taken from the third column of the Table. Thus the resistance at 0° of 

a knot of pure hard-drawn copper wire 0*1 inch diameter would be 

6087 X 9*94 

— -— =6*05. It will be seen that annealing wires materially alters 

their resistance, though it leaves their chemical composition quite unaltered. 
A rise in temperature increases the resistance of all the metals ; and Dr. 
Matthiessen discovered that for all pure metals the increase of resistance 
between 0° and 100° C. is sensibly the same except for iron, Table X. gives 
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from Dr. Matthiessen's experiments. 
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saver, innealed 
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Copper, annealed , . . 


0-2064 


0-1440 
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0-1469 


9940 




Gold, annealed 
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Bismuth, pressed .... 


18-64 


13-03 


798-0 


1 


Mercnry, liquid ...:.. 


18-72 


1306 


678-6 


1 


•Platinnm- silver al- 1 










loy, hard or an- . 


4-243 


2-959 


148-36 





nealed 










tGennan Silver, hard 1 
or annealed .... J 


2-652 


1-850 


127-32 





iGold-SUver alloy, 1 
hard or annealed j 


2-391 


1-668 


66-10 



Note to Tislb 15. — This Table has been consideraMj modified, both on account of 
some clerical errors, and on account of the use of different epeoific grayities. 

To convert resJstance of vire 1 foot long, neighing 1 grain, into resistaiice per knot, 
multiply by 5293'], and divide by weight of copper per knot in Iba. 

Table X. 

Constants, for metals or alloys, by -which to calculate the resistance E. at 

temperature t from the resistance r at zero : — E=r (1+a (+6 C). 



;Pure metals , 



.... 0-003824 + 0-00000126 
.... 0-0007485 — 0-000000398 

German silver 0-0004433 + 0-000000162 

Platinum silver 000031 

Gold silver 0-0006999 — 0-000000062 

• The alloy nsed for B. A. reiistance unila, 2 parts platinum, 1 part diver, by weight 
+ The alloj commonly used for resistance-coilB. 
t 2 parte gold, 1 part aOver, by weights 
I Approiimafe or mean formula. 
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the fommla and constants by which the resistance of any wire between those 
limits may be calculated. Roughly, all pure metals increase from 0*37 to 
0*39 per cent, for each degree of temperature within the limits usually 
occurring in rooms. Table XI. gives the specific resistance of the more 
important metals at various temperatures. The resistance of most alloys is 
very much greater than the mean of the metals Comprising them ; indeed a 
singularly small mixture of a foreign metal reduces the resistance of the 
pure metals very largely — so much so, that in Commerce copper cannot be 
obtained which is equal or even nearly equal to that of pure copper. The 
figures and constants given in the above Tables are oidy applicable with 

Table XI. 
Resistance in B. A. units of wire 1 foot long, weighing 1 grain. 



Temperature 
Centigrade. 


Soft copper. 


Hard copper. 


G^erman silver*. 


Platinum 
Bilvert. 


,0 


0-2064 


0-2106 


, 2-662 


4-24 


.6 


0-2102 


0-2147 


' 2-657 


4-25 


10 


0-2144 


0-2188 


2-661 


4-25 


.11 


0-2153 


0-2197 


• . 


• • 


.12 


0-2161 


0-2205 


* 
* . 


• • 


13 


0-2170 


0-2214 


• • 


• • 


14 


0-2178 


0-2222 


. • • 


• • 


15 


0-2186 


0-2231 


2-666 


4-26 


16 


0-2194 


0-2239 


• . 


• • 


17 


0-2203 


0-2248 


. • 


• • 


18 


0-2211 


0-2256 


• • 


• • 


19 


0-2220 


0-2265 


• . 


• • 


20 


0-2228 


0-2272 


2-67 


4-27 


21 


0-2237 


0-2283 


. a 


• • 


22 


0-2242 


0-2288 


. • 


• • 


23 


0-2253 


0-2299 


• • 


• • 


24 


0-2262 


0-2308 


. . 


• • 


25 


0-2271 


0-2317 


2-675 


4-27 


26 


0-2279 


0-2325 


• • 


• • 


27 


0-2287 


0-2334 


• . 


• • 


28 


0-2296 


0-2343 


. . 


• ft 


29 


0-2305 


0-2352 


• • 


• • 


30 


0-2313 


0-2360 


2-68 


4-28 


31 


0-2322 


0-2369 


• • 


• • 


32 


0-2328 


0-2375 


. * 


•^ • • 


33 


0-2340 


0-2388 


• • 


• • 


34 


0-2348 


0-2396 


. • 


• • 


35 


0-2357 


0-2405 


2-684 


4-28 


36 


0-2365 


0-2413 


• * 

• • 


• • 


37 


0-2376 


0-2424 


• • 


• • 


38 


0-2383 


0-2432 


• 

• • 


• • 


39 


0-2391 • 


0-2440 


• « 


• • 


40 


0-2400 


0-2449 


2-689 


4-29 



* Calculated from specific gravity 8*47. 

t Calculated from specific gravity 12-0. (Approximate values only.) 
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accuracy to pure metals. In old cables the quality sometimes was very bad ; 
but lately the resistance of cable copper has usually been only about 10 per 
cent, more than that of pure copper. Table XII. gives the resistance of the 
copper of various cables at 24° Centigrade, also the specific resistance at the 
same temperature. Although alloys cannot be used for cables, owing to their 
high resistance, they are very useful in the construction of resistance-coils, 
since not only are coils of great resistance made of small bulk by their use, 
but these coils are much less altered by a change of temperature than if 
made of simple metals. The Tables contain the resistances of the chief alloys 
now in use, with the coefficients for temperature corrections. There are 
many points of great practical importance in measuring the resistance of con- 
ductors, which cannot be here folly treated of. Thus all resistance-coils 
should be wound double, so that the current may pass both ways round the 

Table XII. 

Besistanee per knot and specific resistance in B. A. units of conductors and 

insulators of various cables at 24° C. 



Name of Cable. 



Red Sea 

Malta- Alexandria, mean . . 

Persian Gulf, mean 

Second Atlantic, mean . . 
Hooper's Persian-Gulf 1 
core, mean J 



-s-s 


'go 


per kn 
uctor 


1^ 


g'O 


g'l 


J ^^ 


Cfl -M 


i'zk 


Speci 
foo 


7-94 


•2700 


3-49 


•2637 


6-284 


-2469 


4-272 


•2421 


• • 


. . 




28 X10« 
to 

38 X 10* 
115X10' 
193 X 10* 
349 X 10« 

8000 X 10« 






I 



•a »r • 



At 

8 .-I 



s 



»4 ' O -. 



-3- 



2i|§ 



•p4 o8 oS 



a B 



OQ 



0-876 X 10^2 

to 

1-187 X 10" 

4-06 xlO" 

5-910 X 10" 

11-22 xlO'^ 

245 X 10" 



coil equally ; this prevents self-induction — a disturbing element. Care must 
generally be taken in using the Wheatstone balance to connect first the bat- 
tery at (j^g. 1), and then the galvanometer at «. The battery must be left 
connected for the shortest possible time, to avoid heating the wires ; special 
precautions must be taken to avoid resistances at connexions, which are 
often considerable. The resistance of the wires composing the balance should 
not differ too greatly from that to be measured : short wire galvanometers 
answer best for short wires ; long wire galvanometers for long wires ; one 
cell of large surface generally gives better results than large batteries. The 
temperature of the wire to be measured and that of the resistance-coils should 
be accurately observed. These and many other points could only be fully 
developed in a treatise on testing. Practically, the copper of a cable is tested 
before it is used, to ascertain whether its quality is equal to that specified ; 
when a knot of wire is covered it is again tested for resistance, to ensure that 
the proper quantity and quality of wire has been used ; finally, after the 
cable is covered, the resistance test serves to check the length of the cable in 
circuit, to ensure that the conductor is at no point interrupted, and that the 
temperature in the tank is not higher than it should be. 



Fig. 3. 
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S. Tail of Inauiator, — A material ia said to iosolate well if it offers great 
resUtanoe to the passage of a current of eleotrioity. The word reaistanee la 
here used preoisely in the aeose in whioh it was applied to condactora : 
condnotors and insulaton both resist the passage of a current— -the former 
allowing a considerable current to be produced by a small battery, the 
latter allowing but a fbeblo ourrent to be produced by a powerful battery. 
The object of surrounding a oonduotor with a good insulator is to prevent 
any serioua proportion of the current from being diverted to the sea or earth 
near the conductor : tho insulator acts the part of the pipe, directing and oon- 
taining the current ; the oopper acts more nearly the part of the vacant 
space, allowing the current to pass, and retarding it only by friction. A pipe 
to contain water can bo made so thit it shall not leak ; but no material 
known, except dry air, will perfectly contain electricity : sDme leakage, indi- 
cated by a corrent, always occura ; and tlio simplest tost of tho soundness of 
the insulator is to connect one end of the oonductoi'A (fig. 2) with one pole 
of a battery, Z, the other pole of which 
is joined to tho water surrounding the Fig. 2. 
insnlat«d wire in the tank T (fig. 2). If 
a galvanometer, Gl, be placed between tho 
battery and the conductor, and the other 
end of the conductor insulated, any onr- 
lent producing a deflection in the galva- 
nometer must pass through the sheath 
from the copper to the water : such a 

current is often called a leakage. With ■^■ 

a battery of known strength, and a gal- 
yanofiieter with which the observer is 
already well acquainted, the greater or less 
deflection of tho galvanometer-needle will 
o^n be sufficient to show whether this 
leakage is so excessive as to indicate a 
flaw in the insulator connecting the water 
and tho copper : this was the earliest in- 
sulation trat ; but it ia clearly far from 

giving a measurement of the accurate kind which has been described 
for conductors. No two galvanometers are alike, nor is any one instrument 
constant in its indications ; moreover an instrument of suitable delicacy for 
one length of insulated wire is unsuitable for another : tho test is, therefore, 
a very rude and imperfect one ; but a slight modification allows ua to use it 
for the purpose of cipressing with some accuracy the resistance of tho insulator 
in the same units as those used for the conductor. Immediately after ob- 
serving the deflection with the connexions in fig. 2, remove the insulated wire 
A B, and join the galvanometer and battery, as in fig. 3, inserting a set of 
reaistance-coils at K, and joining a 6 by a short coQ S, with aresistance bearing 
a certain definite ratio to that of the galvanometer — for instance, with ^ij part 
of that resistance. The current from the battery will, at a and b, divide itself 
between tho two branches S and G, in the ratio of 999 to 1 : now adjust the 
resistance-coils E until the same deflection be obtained as before ; then, if we 
call X the whole resistance of the circuit when connected as in fig. 3, the 
resistance of the circuit in fig. 2, which is sensibly equal to that of the insu- 
lating sheath, will be 1000 x, since the current in the first case must have 
been 1000 times less than in the second case, when only y^ part of the 
current flowed through the galvanometer. It will be obvious that we might 
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use for the first connexion a battery of 100 times greater electromotive force 
than is nsed in the second case ; then the resistance of the insulator would be 
100,000 X, In many oases x may be taken as equal to E, neglecting the 
other parts of the circuit. This can always be safely done if R be large, 8 
very small, and K Z be a large single cell ; but it is not difficult to calculate 
the whole resistance x when the above conditions Odunot be obtained. The 
resistance between a and h is made up of two wires joined in what is called 
multiple arc : call S the one resistance, G the other, then the resistance of 
1 

the. two is TTT. To obtain the total resistance of the circuit, add the resist- 

Q S 
ance of the battery and the resistance E. It will be further obvious that the 
resistance E need not be adjusted so as to give exactly the deflection obtained 
with the connexion in fig. 2. If any convenient defiection be observed with 
a given resistance E^, the resistance E is given by a simple proportion. 
Moreover, it is. unnecessary to repeat the test of fig. 3 every time an insula- 
tion test is made : we may often assume that unless some accident has 
happened to the instrument it will remain constant for some hours ; in that 
case, having found the resistance which corresponds to one deflection (fig. 2), 
the resistance corresponding to other defiections results from a simple pro- 
portion. It is assumed, of course, that a galvanometer Is used in which the 
defiections are proportional to the magnitude of the current, as in the case 
with reflecting galvanometers. In making the test (fig. 2) care must be 
taken to prevent the first shock of the current from passing through the gal- 
vanometer ; for this purpose a connexion of very small resistance may be 
plaoed> as at o. This connexion must be broken immediately after the bat- 
tery has been applied. The reason why this precaution is necessary -vAll be 
mentioned in the next Lecture. An astatic reflecting galvanometer, with'coils 
round both magnets, of the form designed by Professor Thomson, and with long 
fine wire, wiU be found well adapted for this test : to ensure accuracy care 
must be taken to make the coil S (frequently called a shuntj of thick wire 
and of such form as not easily to be heated, to maintain this strand as 
nearly at the same temperature as the galvanometer coil as may be, to let 
the battery remain in circuit as short a time as possible, to let the insulated 
coil remain in the water for such a time as may ensure its being at a known 
temperature throughout, to practise extreme cleanliness in the keys used, and 
to cut the ends of the wires tested to avoid loss by surface conduction. When 
these and other precautions have been taken, tolerably uniform results can 
be obtained ; but they do not approach in accuracy those obtained in mea- 
suring conductors : for instance, the accuracy cannot be greater than that 
with which a deflection can be observed, or, say, 1 part in 200. In long 
•cables the resistance across the insulator can be measured with the Wheat- 
stone balance, by using the insulator as one of the four conductors A, B, C, or 
D (fig. 1). It will be seen that as the length of an insulated wire increases, 
the resistance to conduction across the insulator decreases ; for there is con- 
tinually a larger and larger area of material to conduct the current, and the 
distance across the insulator from the copper to the water remains the same. 
Thus the insulating sheath of 1000 miles of Malta- Alexandria cable is nearly 
equal in conducting power (or resistance) to a sheet of gutta-percha one acre 
in area and one tenth of an inch in thickness separating a copper plate from 
a sheet of water. The resistance at 24^ C. of this insulating sheet of enor- 
mous section and very small thickness would be about 115^000 £. A. units ; 
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the resistance at 24° C. of the long copper conductor would be about 3,490 
B. A. units. These resistances are not so dissimilar as to be incomparable, 
even directly, by the Wheatstone balance ; resistance-coils of German silver 
of 10,000 units, or even 100,000 units, nearly equal to the above insulation 
resistance, as it is sometimes called, are not uncommon. It will now be seen 
how it is that bodies of which the specific properties differ so enormously as 
copper and gutta-percha can yet be directly compared. The specific resist- 
ance of insulators can be given just as the specific resistance of conductors 
has been given ; but it is customary to use a different definition, and call the 
specific resistance of an insulator the resistance of a foot cube electrified on 
the two opposite faces. Table XII. gives the resistance of the gutta-percha 
of the most important cables per knot, and their specific resistance as above 
defined. The following equation allows the resistance K of a core of known 
dimensions to be calculated from its specific resistance S : — 

log. 2 
R=8— -2:; (5) 



2xL 



D_. 



here log, i:=the hyperbolic log of the ratio of the diameter of the insulator 
d 

to that of the conductor (given in Table III. above), w=3*1416, and L= 
the length of the core in feet. To convert the specific resistance, as above 
defined, into that of a wire or rod 1 foot long, weighing one grain, the 
figures given in the Table for gutta-percha must be multiplied by about 
443,000. The fashion observed of writing 10", or ten at the power twelve, 
simply means that the number given must be multiplied by 1,000,000,000,000, 
or Ijy one followed by twelve zeros. This plan of writing large numbers 
saves space, and is convenient in multiplication for those acquainted with 
the simpler properties of exponents. Hitherto that quality only has been 
spoken of ii; which insulators resemble conductors, viz. that of possessing a 
mensurable resistance ; but there are marked differences in the behaviour of 
an insulator and a conductor when a current is passing through them. The 
resistance of the conductor, if prevented from heating, remains perfectly 
constant; but the resistance of an insulator is apparently much greater 
during the second minute after the battery is applied than during the first ; 
it increases again, but not so much, during the third minute, and continues 
to increase by smaller and smaller amounts for at least half an hour. It 
will be shown in the final Lecture that this apparent change of resistance is 
probably due to a kind of absorption ; but, whatever be the cause of the 
phenomenon, it entails great inconvenience in testing. When the current 
is reversed, the apparent resistance falls as low as ever, or lower, and then 
again increases for half an hour. To meet this continual change, due to 
what is called electrification, tests are always made at definite times, gene- 
rally one minute after the battery has been applied ; but even with this pre- 
' caution the residual effects of previous electrification are often embarrassing. 
All insulating substances, except air, present the same phenomenon, but in 
a greater or less degree. It is very marked, frequently producing a change 
of 50 per cent, in the apparent resistance of gutta-percha, and its effect is 
greater in cables which are thickly covered with the insulator. Neither 
pressure nor change of temperature greatly affect the proportionate effect of 
electrification. With Mr. Hooper's material, as supplied to the Indian 
Government, the change produced is extraordinary; at the end of ten 
minutes the resistance seemed to have increased nearly fourfold, and at the 



233 

end of about nineteen hours the resistance was twenty-three times greater 
than at the end of one minute*. This singular property of insulators is one 
of the chief difficulties to be met in any attempt to obtain strictly accurate 
measurements. A change of temperature also causes a much greater altera- 
tion in insulators than in conductors, and a rise of temperature causes a 
fall in resistance instead of an increase ; thus the specific resistance of gutta-» 
percha is about twenty times as great at freezing-point as at 24° Centigrade. 
Gutta-percha, as now supplied, behaves very uniformly in this respect, as is 
shown by the independent experiments of Mr. Siemens, Messrs. Bright and 
Clark, and the lecturer. The following equation, due to Messrs. Bright and 
Clark, will allow the resistance E of any core at a temperature T + t (in 
degrees Centigrade) to be calculated from the resistance r at T° Centigrade. 

R=r X 0-8878' •••••••. (6) 

The number 0*8878 is not quite constant, but seems to vary between that 
figure and 0'9. The effect of temperature on india-rubber is not nearly so 
great ; but the lecturer is not in possession of experiments the whole circum- 
stances of which, including the preparation of the india-rubber, are known 
to him, and he prefers not to give results which might be misapplied and 
mislead. Pressure improves the insulation resistance of gutta-percha 2*3 
per cent, for each 100 lbs. per square inch, according to experiments on the 
Malta- Alexandria cable, and 2*6 per cent., according to experiments on the 
Persian-Gulf cable. When it is remembered that the pressure in 2000 
fathoms is about 2 tons per square inch, it will be seen that the improve- 
ment due to this cause is not to be despised. India-rubber behaves dif- 
ferently. Mr. Siemens published some curious experiments in the British 
Association Report for 1863, showing that pure india-rubber slightly fdlloff 
in resistance as the pressure increased. "No sensible efiect on the resistance 
of gutta-percha has yet been observed due to the absorption of water. The 
objects of the tests described are : — first, to ensure the use of a proper material, 
the quality of which may be specified in the contract ; secondly, to detect 
any serious flaw in the outer coating, which woidd at once be shown by the 
diminution it would cause in the resistance. The more accurately the resist- 
ance of the insulator can be observed and calculated, the more certain we 
can feel of detecting even the smallest irregularity. 

4. Tests at Sea, — ^Whereas tests on land are, in great measure, directed to 
secure a fit quality of material, the tests at sea should have but one ol^ect — 
the detection pf a fault as soon as it occurs, and the determination of its 
nature and position. Common forms of galvanometer cannot be used at sea ; 
but Professor Thomson's weU-known marine galvanometer allows every test 
hitherto described to be applied as rigorously at sea as on shore. It consists 
of a very light magnet and mirror, strung on a fine tight fibre, and so per- 
fectly balanced as not to deflect from its normal position relatively to the 
suspending frame and coils, however they may be inclined in any direction. 
A powerful magnet, in a fixed position relatively to the suspending' frame 
and coils, directs the suspended magnet, and overcomes the influence of the 
earth, from which the magnet is still further screened by a thick hollow iron 
case, which wholly surrounds the coils, except where a glass window allows 
a ray of light from a lamp to enter and return so as to fall upon a scale after 
reflection from the mirror. These instruments are made by Mr. "White, of 
Glasgow, and Messrs. Elliott, Brothers, of London, and are now almost 

* This information was kindly supplied by Mr. Laws*. 



2U 

ezdiifliydy used for tests at sea, whioh may bo £ar bo eonsldeied quite tm^ 
affected by the direction of the ship or its motion. Two disturbing agendea 
are found in the onrrents induced in tho coils of cable as the ship roUs and 
the so-called earth-currents, depending on the different electric potential 
or tension of the earth which may occur between the earth plate on shore 
and the connexion with the sea at the ship. These disturbances are readily 
OYorcome by the use of sufficiently strong batteries, so that no details or 
explanation of their action need be given here. It may be granted that on 
board ship all tests can be accurately made, and it only remains to consider 
what system shall be followed to ensure immediate detection of a rupture in 
the copper conductor or an injury to the insulator. Hitherto it has been a 
oonuQon practice to arrange a succession of tests recurring in a constant 
order at definite intervals of time. During the first twenty minutes of each 
hour &n Instilaftoif teirt maybe used ; and the simple test (fig. 2) of watching 
that the spot of light in the galvanometer does not quit its proper place on 
the scale, aa it certainly will do the instant any fiaw in the insulator allows 
a connexion between the copper and the water, is probably the best as well 
as the simplest. During the next twenty minutes the resistance of the 
copper may be measured, showing that it is unbroken, and indicating the 
temperature of the bottom. During the last twenty minutes speaking instru- 
ments may be oonneoted with the cable, and intelligence given and received ; 
then da capo. But this system has great defects. We may wish to send or 
receive intelligence when it is impossible to do so ; the clerk, or clock, or 
shore may not keep time with the ship, and cause needless sdarm or con- 
fusion ; special emergencies may require special tests, and then the routine 
plan either prevents these or causes confusion ; but worse, much worse than 
all this, a fatal injury to the insulation may altogether escape detection 
during the periods allotted for continuity tests and speaking ; it may pass 
over into the sea, and, when finally discovered, may be some miles from the 
ship. It would be better to maintain constantly a simple insulation test, 
and let the shore end remain insulated and unwatched. No fault could then 
occur in the insulator without being instantly detected ; and even a break 
in the copper, inside the insulator, would be shown by a sudden fall in the 
leakage, owing to the shorter length of cable which would then be under the 
action of the test. A simultaneous injury to insulator and conductor would 
be still more obviously indicated ; but such a plan as this would result in 
voluntarily throwing away the assistance to be derived from intelligent 
observations on shore, whioh, it wIU be seen in the next Lecture, may give 
important assistance in determining the position of a fault when it does 
occur. To meet this dilemma plans have lately been devised by which an 
insulation test on the ship and a siniultaneous insulation test on shore can be 
nearly constantly maintained ; speaking can be practised at any moment by 
ship or shore, and even during the transmission of messages ijie insulation 
test need not be wholly suspended. The first of these plans, in order of pub- 
lication if not of conception, is due to Mr. "WiUoughby Smith. The con- 
nexions required are shown in fig. 4. C Z is the slnp battery ; E^ the ship 
earth plate, or sea connexion ; G the marine galvanometer ; A B the cable, 
connected at the shore end with a great resistance R, equal to, say, the insu- 
lation resistance of four or five knots of cable. G^ is a very delicate galvano- 
meter on shore, placed between the resistance E and the earth plate. When 
these connexions are made, a slight deflection on the ship galvanometer, G, 
win indicate the normal leakage of current through the gutta-percha. 
Almost the fuH tension of the battery will act on B, and cause a feeble cur- 
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rent to pasa throtigli this resistance, causing a moderate defection on G ^, 
This feeble current will, of course, add to the leakage indicated bv G- ; but if 
R be equal to the gutta-percha of, say, five knots, and A B be 1000 kaots 
long, the leakage through R will only add ^f ^ part to the deflection on G, 
and this may be neglected. A fault of insulation occurring in A B will 
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instantly increase the deflection on G, will lower the tension of the battery 
acting on E, and so diminish the deflection on G^. Ship and shore will both 
be advised of the misfortune. A break of continuity in the copper of A B, 
without loss of insulation, will diminish the deflection on G, and wholly stop 
the deflection at Gj after a little while ; thirdly, if the cable breaks altogether, 
there will be a great increase in the deflection of G, and a total cessation of 
aU deflection on G^. The shore can, without altering the connexions, com- 
municate with the ship by making shorter or longer contacts between the 
earth and the cable at o. This will cause corresponding deflections on G ; 
but if a resistance be inserted between o and the earth, the deflection on G 
will be small, so that any considerable fault of insulation would still show 
on G, by causing a sudden and permanent alteration in the mean deflection 
even during the signals. The ship can signal to the shore by reversing its 
battery or by simply increasing and diminishing its tension. The insulation 
test on board would, the lecturer presumes, be wanting during these signals 
It is to be hoped that this or an equivalent system will be adopted in future* 
It gives perfect freedom from routine, and a greatly increased chance of 
detecting any fault the instant it occurs. This is the more important, as 
faults always do occur on board ship, and either in the top flake of the coils 
or in the machinery. In the next lecture Professor Thomson's plan of 
attaining the same object will be described. 



Appendix II. — Method of Measuring the Eesistanoe of a Battery, 

First make the connexions shown in fig. 6, where CZ represents the 
battery to be tested, G the galvanometer, and A B a short wire. The 
resistance of the conducting wire of the galvanometer must be known, and 
let it be called equal to a units. Then adjust the resistance of A B so that 

Pig. 6. rig. 6. 




/ c 
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it shall be equal to one unit, and observe the deflection of the galvanometer. 
Next break the connexion at A B, and introduce a resistance "R, as shown in 
fig. 6. Adjust this resistance till the deflection is the same as before ; let 
the resistance at B, when thus adjusted, be called h, then the resistance of 
the battery, or, more strictly, the part of the circuit A C Z B, will be equal 

to - ' If it be not convenient to make A B exactly equal to one, any other 
convenient resistance c may be taken, and then the resistance of the battery 

will be equal to — • 

a 



LECTUEE Y. 
Elbctbical Tests (continued). 



1. Testing Short Lengths. — ^It was shown in the last lecture that whenever 
a current could be observed traversing a conductor or an insulator, the re- 
sistance of the conductor or the insulator could be measured in definite units ; 
but when it is desirable to test a very short length of insulated wire, the 
methods hitherto described are not available: the resistance which is 
opposed by the insulator is then so great as to prevent the passage of any 
current which can be detected even on the most sensitive galvanometer. A 
distinct class of tests must then be applied, which, as will presently bo 
shovm, give the same information as the tests by the direct observation of 
currents, and even indirectly give the resistance of the insulator in the 
same units. All are probably familiar with some of the properties acquired 
by a body charged with statical electricity by the electrical machine, such 
as the power of at first attracting light bodies and then repelling them 
when they are similarly electrified, &c. : few will have attempted to repeat 
these simple experiments without discovering that there is much difiiculty 
in retaining the charge of electricity, as it is called ; no sooner has the pith 
ball or the brass knob acquired the desired properties than they are lost by 
leakage along the insulating glass stems or silk threads. The insulation 
required for these experiments is of exactly the same nature as that required 
for submarine cables ; the leakage down the glass stem is due to conduction, 
just as the leakage from a submarine cable is due to conduction through the 
insulator ; and the current or quantity of electricity conveyed away is often 
in both cases too small to be shown by a galvanometer. It is not difiicult, 
however, to observe how long the body charged keeps its peculiar properties ; 
and this time is itself a measure of the goodness of the insulation, or, in 
other words, of the magnitude of the resistance which the insulator offers to 
the passage of the current. We may, therefore, charge a short length of 
cable with statical electricity, and observe the time required to allow that 
charge to fall to, say, half its original amount. The gradual fall of the charge 
may be observed by an electrometer, an instrument specially adapted to show, 
the tension or potential, as it is called, of an electrified body. The rudest 
of all these instruments is the common gold-leaf electroscope ; and roughly 
we might test a short insulated wire by charging it while the conductor is 
connected to the gold leaves, and the insulator is dipped into an uninsulated 
basin of water : if the gold leaves at once collapse the insulation is bad ; if 
they remain long divergent the insulation is good. But no two gold-leaf 
electrometers are alike, nor are they in any way adapted for exact measure- 
ment. Peltier's electrometer would give somewhat more accurate indications ; 
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Fig. 1. 




the needle repelled by the brass knob would deflect to a given number of 
degrees^ and its gradual return could equally be observed in degrees and 
fractions. The deviations are not, however, proportional to the potentials 
producing them, and most Peltier's electrometers are constructed without any 
expectation that they should be used for accurate measurements. They 
require, moreover, a very high tension to show any effect whatever. Professor 
William Thomson has, to obviate these defects, designed various electro- 
meters, of which the divided-ring electrometer is, perhaps, the most con- 
venient for testing cables. It is constructed on the following principle : — 
A light flat aluminium needle a 6, fig. 1, balanced by a counterpoise, is 
suspended by a platiniun wire from a point connected with the interior 
coating of a Leyden jar. Under the needle two half rings, L and M, are 
placed, with the division on one side 
directly .under^ the aluminium needle 
in its position of rest. The whole is 
placed inside a metal case, not shown 
in the drawing. Suppose the needle 
a h not to be charged, then, if L be 
connected with a?, an electrified body, 
while M is connected with the earth, 
the needle will turn slightly towards 
L ; and this will be the case whether 
the electricity of x be positive or nega- 
tive. If we now charge the Leyden 
jar with, say, negative electricity the 
needle will be brought to the same 
potential as the inner coating ; it will be much more strongly attracted than 
before by L if the electricity of cc be positive, and would be powerfully 
repelled if og were negative. If x loses its electricity and returns to the 
potential of the earth, the needle a h will return to its original indifferent 
position between L and M, being equally attracted by both. One object of 
connecting the needle with a Leyden jar is to provide a considerable supply 
of electricity for the needle, so that the unavoidable slight leakage which must 
occur may not affect one test or even a series of tests. A loss of one unit of 
electricity per minute wiU matter little if the whole store be one thousand, 
such as may be held by the jar ; but if the store be 6nly one or two units, 
such as would be received by the needle, such a loss would be fatal. The 
deflections will also be greater and the instrument will be more sensitive the 
higher the potential to which the jar is charged ; but the indications wUl only 
be constant so long as the jar is charged to the same degree. In the instru- 
ment as made the deflections are shown by a spot of light reflected from a 
mirror hung above the needle, as in the reflecting galvanometers. The 
Leyden jar is placed in an atmosphere dried by sulphuric acid, and will hold 
a sensibly constant charge for days at a time. Finally, the metal case 
screens the needle from all attraction or repulsion by bofies electrified out- 
side, owing to a well-known law. The deflections, being angularly very 
small, are proportional to the potentials of the bodies to be tested, which are 
connected with L; while M is kept permanently. in connexion with the 
earth. With this instrument, nothing is easier than to compare accurately 
the times occupied by the charged conductor, of a piece of cable covered with 
water in falling from the first tension to half ^or any other fraction ; afid the 
times thus occupied are relative measures of the insulation resistance of the 
insulating cover. No very high tension is required, and the test by this 
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instniment giyes one direet proof of the identity of electricity given by 
friction and that from the voltaic hatteiy. In making the test the cable may 
be charged by a spark or two from a machine or elcctrophoms, or it may be 
charged by simple contact for an instant with a wire joined to one pole of a 
voltaic battery of, say, 60 or 100 elements. It will readily be nnderstood 
that when we know how fast a reservoir of given capacity empties itself by 
a given pipe, we may calculate the resistance which the pipe has opposed to 
the passage of the water. Such a calculation would, with water, be much 
more complicated than with electricity ; and the following formula gives the 
means of calculating, in B.A. units, the resistance of the insulator. When 
the potential P at the beginning, p at the end of a time t, measured in 
seconds, are known — 

R= ^5 ........ (7) 

or, 

Slog± 

In the first of these equations the hyperbolic, and in the second the ordinary 
logarithm of - is used ; but in both we have a quantity S, celled the capacity 

of the cable, the meaning and measurement of which will be presently 
explained. 

2. Testiri^ Joints.~One use of the test described is to test the joints of 
insulated wires. "When the conductor of a cable is joined in the ordinary way 
to a battery or otherwise electrified, any leakage which may be observed may 
be due to the whole or any part of the insulator, and no test of this kind 
proves a joint separate from the rest of the cable, and the general leakage 
from a long cable is comparatively so great, that it may entirely mask a very 
slight flaw at some one point, such as a joint. A joint may be tested by 
dipping it into an insulated trough connected with one pole of a battery, 
while the other pole and the cable conductor are joined or connected with 
the earth. Any current which is then observed must pass through the 
insulator in the trough, and the test becomes a test of one spot only; but a 
joint may not be as good as the rest of a cable, and yet have so high a re- 
sistance as to show no current in this way. A more searching test is given 
by the use of the electrometer. Dip the joint in the insulated trough as 
before, and connect the trough with the test-plate L (fig. 1) ; electrify the 
trough by a machine or electrophorus, and watch the gradual loss by leakage 
into the cable at that point. The conductor should be connected with the 
centre. It is of course essential that the trough itself should be very per- 
fectly insulated during this experiment ; and a similar remark applies to all 
tests of short lengths of insulated wire. In unpractised hands the loss by 
moisture on the surface of supports, dirty keys, and other connexions wiU 
generally be much greater than the loss which it is desired to measure. 
Conduction along the surface of ebonite used for the instruments, and dong 
the surface of the gutta-percha* or other insulator under test, can be partly 
prevented by extreme cleanliness; but an artificially dried atmosphere is 
necessary in all cases where extremely high insulation is required — as, for 
instance, for the Leyden jar of Professor Thomson^s electrometer or the 
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trotLgh to test joints. The ends of a short wire to be tested should also be 
freshly cut. Ebonite^ after being in use for instruments for some time, often 
requires to be freshly polished. As an example of what ean be done by 
selecting proper materials and by drying the atmosphere, so as to prevent 
a moist film from being deposited on the surface, the lecturer can, from his 
own experience, state that Leyden jars, in Professor Thomson's electrometers, 
can be made to hold their charge so well that not one half per cent. wiU 
escape in 24 hours. Such a cable as the Atlantic falls from charge to half 
charge in about fifteen minutes. Some wires, covered by Hooper's material^ 
fall from charge to half charge in from seven hours to two days. 

3. Induction iT^jfe.— Hitherto the word charge has been used as having a 
sense with which aU are familiar, and the indications of an electrometer, 
which really measures tension or difference of potential from the earth, 
have been received as evidence of a greater or smaller charge ; it is time t<> 
justify these expressions. The charge of electricity which an insulated body 
will receive really means a definite quantity of electricity. This quantity, 
when escaping to the earth, which is assumed to be at zero tension, produces 
a current equal to the quantity divided by the time occupied in its escape. 
Bodies are said to contain equal charges when these charges wiU produce in 
their discharge equal currents. A charge held by a body is said to be at a 
certain tension or potential, meaning the quality measured by the electro- 
meter above described. The total charge which a given body in given cir- 
cumstances will receive is proportional to the potential or tension to which 
it is raised. Thus the charge produced by contact with the pole of a battery 
of fifty cells is fifty times that produced by a single cell. The tension or 
potential produced by a frictional machine is of exactly the same nature as 
that produced by the voltaic battery ; it is simply greater in amount. Thus 
a body may be charged equally by sparks from an electrophorus and by a 
voltaic battery ; then if this charge be allowed to escape through a galvano- 
meter, the current in each case will be equal, and produce an equal deflec- 
tion ; and, again, if two bodies are charged to the same potential, say by 
contact with one pole of the same battery, then if the current produced by 
the discharge from the two be equal the charges on both were equal, and the 
cajpcunty of both bodies was equal. The capacity of a body for receiving a 
charge depends on many elements ; it increases as the external surface of 
the body increases, and it increases as the surrounding bodies in connexion 
with the earth are brought near to the insulated electrified body. Thus the 
capacity of a Leyden jar, where the inner electrified surface is large and 
close to the outer unelectrified surface, is much greater than that of a 
sphere of equal surface in a large room. The general laws regulating 
capacity and potential are too complex to be here explaii^ed ; the capacity 
of a cable increases directly as its length, just as the capacity of two equal 
Leyden jars is double that of one. The gutta-percha acts the part of the glass ; 
the copper that of the inner tinfoil ; the water or moisture outside repre-' 
sents the outer uninsulated coating. Owing to the large surface and slight 
thickness of the insulation, the capacity of a long cable is very great, and its 
discharge can be shown on almost any galvanometer ; the discharge from a 
yard can be seen on a sensitive instrument if charged by, say, 100 Daniell's 
cells. Fig. 2 shows the connexions required to show the discharge. M is 
a common key, by which the conductor of the cable A B can be first placed 
in connexion with the battery Z C by a contact at^, and then removed from 
the battery, and immediately connected at o with one terminal of a galvano- 
meter, G, the other terminal of which is in connexion with earth at E^. 
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The contact at f charges the cable, and that at o discharges it through the 
galvanometer. It will readily be seen that as the quantity which goes into 
the cable must be equal to that which leaves it, if the galvanometer G were 
placed between Z and p, it would be affected to the same extent by the 
entrance of the charge as by its exit at o. With a well insulated cable, de- 
flections due to the rush in or out of the charge are far greater than that 
due to leakage across the sheath ; and it is to avoid the d^turbance due to 
this momentary current that in making insulation tests no sensible part of the 
current is at flrst allowed to run through the galvanometer, but is conducted 
through a short circuit as at o, fig. 2, Lecture IV. The deflection due to the 
charge or discharge of a short cable is the result of a single very short im- 
pulse ; and this deflection may be used to measure the charge in two ways. 
First we may make a standard knot of cable or Leyden jar, or condenser as 
it is sometimes called ; we may take the discharge from that, as in fig. 3, 



Kg. 2. 



Fig. 3. 
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where a h represent plates in connexion with the earth, and x y insulated 
plates separated from them by mica, gutta-p ercha, paraffin, glass, or air, the 
other connexions being the same as in fig. 2. !N'ext we may charge the 
cable from the same battery, and by trial bring the galvanometer to the 
same deflection by shunting part of the current through coils, which can be 
adjusted ; if j^ part of the current pass through G, then the capacity of 
the cable is one hundred times that of the condenser : the relative charges, 
if not differing much, may be taken as proportional to the deflections on a 
reflecting galvanometer, or, more strictly, to the sines of half the angles on 
any instrument. A galvanometer with a comparatively heavy needle is 
better for this purpose than a reflecting instrument with mirror and 
light magnets, owing to the resistance of the air. The comparison of 
capacities may be made in a much more accurate manner by various less 
well-known devices, as : — by the transfer of a charge from one condenser to 
another, and the measurement of the potential before and after the transfer ; 
by the relative effect of two discharges in opposite directions through a 
differential galvanometer ; by balancing a succession of discharges through 
one coil of a differential galvanometer against a permanent current adjusted 
with the aid of resistance-coils ; and by balancing the discharges against a 
permanent current in an arrangement resembling a Wheatstone balance. 
These arrangements have, it is believed, not yet been used as practical tests ; 
but it will be useful to give here a formula by which we may compare the 
results of any two or more observers, who have not got galvanometers which 
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they have compared, or condensers of known relative capacities. Let 
S be the capacity of a conductor measured in the units required for equa- 
tion (8) ; let < = half the time of a complete oscillation of the needle of the 
galvanometer under the influence of terrestrial magnetism alone, i = the 
angle to whi6h the needle is thrown by the momentary current, R = the 
resistance in B. A. units of the circuit through which the battery used to 
charge the cable would produce the unit deflection on the galvanometer, then 



_ 9 < sin i t 



8=2 



w 



K 



(9) 



The accuracy with which this measurement can be made is not very great, 
owing to the difficulty of measuring t on most instruments. The charge is 
said to be due to induction, and these tests are called induction tests ; it now 
remains to show their practical application. The discharge may be used to 
measure insulation, thus: charge the cable by contact atjp (^g. 2), and then 
break contact atp without making contact at o ; the charge which is, as it 
were, bottled up inside the cable, leaks gradually through the gutta-percha. 
After, say, one minute, make contact at o, and observe the difference between 
the deflection thus obtained and that obtained when the cable is discharged 
immediately after being charged. The difference measures the loss in one 
minute. The galvanometer can in this way, by successive trials, be used to 
ascertain the rate at which the charge is lost for all the tests described 
above as measured with the electrometer, though less conveniently. A 
similar test is applied by Messrs. Bright and Clark to the testing of joints. 
A joint (fig. 4) is placed in an insulated trough of water connected with a 
condenser, the battery is applied to one end of the cable, and any slight 
leakage which may occur at the joint gradually accumidates in the condenser. 
After a minute or more the condenser is discharged through a galvanometer, 
which may then show the result of a minute's accumulation even when the 
permanent current passing at any moment would not have been sensible. 
But these are only the indirect consequences of the induction test. Its main 

Fig. 4. 




object is to compare the capacities of various cables and the inductive 
properties of various materials ; and the reason why these points are im- 
portant is, that the number of words which can be transmitted per minute 
through long submarine cables is, casteris panbus, inversely proportional to 
their capacity ; so that a long cable A, each knot of which will, from a given 
battery, receive only half the charge received by cable B (equal to A in other 
respects), will transmit double the number of words per minute. The cause 
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of tbiB cannot here be explained, but the fact is experimentally and theore- 
tically proved. By theory, the charge on equal lengths of two wires, covered 

D _ 

with the same insulator, should be inversely proportional to log j, where D 

and d, as before, indicate the diameter of the insulator and conductor : but 
the capacity also varies with the insulator used ; thus the charge on a knot 
of the Persian-Gulf cable, insulated with gutta-percha, was 35 per cent, 
greater than a knot of similar dimensions insulated by Hooper's material, 
and was somewhat more than four times greater than the charge would have 
been had it been possible to find an insulator with the properties of air 
instead of gutta-percha. The property of a material in virtue of which it 
affects the charge is called its inductive capacity, and the ratio of the chaise 
induced when the solid material is, used to that which would be induced if 
air were the insulator is called the specific inductive capacity of the material. 
It will be seen that equation (9) gives the means of expressing the capacity of 
a knot of cable in certain units. Table XIII. gives the calculated capacity 
of some cables and materials in these units, with the specific inductive 
capacity of gutta-percha, india-rubber, and Hooper's material. These 
numbers are very much less well ascertained than the resistance measure- 
ments given in previous tables. Nevertheless improvement in this quality is 
of very much greater importance than improvement in insulation resistance. 
Neither temperature nor pressure seems to affect the charge or capacity of 
cables very materially. 

4. Tests to detect Faults, — Paults in cables may be classed as follows : — 1. 
A fracture or interruption in the copper conductor, which, nevertheless, 
remains insulated inside the gutta-percha covering. 2. A fracture of the 
copper conductor and gutta-percha, in which a considerable length of copper 
wire remains exposed to the water. 3. A fault intermediate between the 
first two, with copper and gutta-percha both broken, but little copper 
exposed. 4. A connexion between the iron covering and the copper by a 
nail or wire driven in. 5. A hole or imperfection in the gutta-percha 
sheath, establishing a conneidon of considerable resistance between the 
conductor and the sea. The first of these faults is of course followed by a 
total cessation of aU electrical communication between the two ends of the 
cable. Its position may be detected in two ways. The charge which the 
cable will contain may be measured as above described ; and if the charge per 
knot is known, the charge observed will directly give the distance of the 
break; and the accuracy with which the position of the fault can be 
determined is limited only by the accuracy with which the relative charges 
can be compared; the cable is an insulated Ley den jar, the capacity of 
which is simply proportional to the length of the conductor from the shore to 
the fault ; so that if the discharge from a knot of the cable, with a given 
battery and reflecting galvanometer, is represented by a deflection of ten 
divisions, and the discharge from a cable containing a broken copper 
conductor is 100 divisions, we may feel certain that the fault is about ten 
miles from shore. By the more accurate modes of comparing discharges, the 
distance of a fault of this kind, even on a long cable, might be accurately 
found. The method by the throw or deflection of a needle is not applicable 
to a very long cable, because of the time occupied by the discharge; the 
theory of the formula given above supposes that the needle moves under a 
sudden impulse, very short compared with the time of oscillation of the 
needle. A second plan of determining the position of this kind of fault is to 
measure the resistance of the insulating sheath. Thus, if we know by the 
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discharge-test that the cable is insulated where broken^ and find the 
insulation resistance to be 1000 units^ whereas the insulation resistance of 
one knot is 1,000,000 units, we may conclude that the fault is 1000 miles 
off, as it will require one thousand miles of sound core to give so small a 
resistance as 1000 units. Faults of this kind are very rare where strands of 
copper properly jointed are used. The second kind of fault enumerated also 
wholly stops communication between the two ends of the cable, and almost 
inyariably occurs when a cable is broken with violence. The copper and 
gutta-percha are then both stretched, and the gutta-percha springs back 
when the copper breaks, and leaves the latter exposed : but sometimes the 
copper breaks some little way from where the gutta-percha yields and inside 
it ; then the third kind of fault occurs, intermediate between the two former. 
When some inches of copper are exposed, a connexion of small resistance is 
formed with the sea. In this case the resistance of the copper conductor, 
measured from the shore, measures the distance of the fault ; we know the 
resistance per knot, and if we observe 500 times this resistance, the fault is 
600 miles off, the resistance of the earth itself being nil. A small correction 
ought of course to be made for conduction through the insulator when sound, 
but in good cables this may be neglected. It is by this test that the operators 
at Valencia are able to tell that they have still the full length of the cable 
between them and the spot where the cable was first broken. There is little 
difficulty in determining whether a fault of this nature has occurred ; for the 
comparatively small resistance of the cable shows that it is connected with 
the sea where it ought not to be, and the constancy of that resistance shows 
the connexion to be complete. This brings us to the third class of fault, 
where the connexion between the sea and the copper exists, but is imperfect, 
or due to only a small area of exposed copper. The fault itself then possesses 
considerable resistance, sometimes more than that of all the copper conductor 
of the cable ; and, what is worse, this resistance is inconstant, varying rapidly 
and capriciously between extremely wide limits. The test for resistance in 
that case simply tells us that the fault cannot be beyond the distance corre- 
sponding to the smallest resistance observed. The fourth kind of fault corre- 
sponds almost exactly in behaviour to the second, but the connexion with the 
sea is still more perfect ; the resistance will vary still less, and there will be 
a total absence of the feeble currents which result from the copper and iron 
of a cable when broken and separated by salt water. Earth currents, due to 
a difference of potential between the shore and sea at the fault, may of course, 
in both cases, be observed. The fifth kind of fault is easily detected : there 
is a considerable fall in the insulation resistance, and a slight or moderate 
fidl in the apparent resistance of the copper conductor between the two 
stations ; but messages can still be transmitted, as a portion only of the whole 
current, inversely proportional to the resistance of the fault, escapes into the 
sea. If one station insulates the cable and the other measures the resistance, 
. the fault behaves like a fault of the third class, and this test will not detect 
its position. If, however, the resistance of the fault remain constant, and the 
two measurements of resistance, B and r, be made from station A, when 
station B respectively insulates the end of tiie cable and connects it with the 
earth, we obtain two equations concerning the resistances, in which there is 
only one unknown quantity, viz. the resistance of the fault. When this is 
eliminated, the following equation is obtained : — 

D = ^ - V (R - r) (L - r), (10) 

where D = the resistance of the conductor between the fault and the observer. 
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and L =s the resistance of tbe whole conductor hetween the stations. On 
very long cables a correction for the effect of the uniform leakage through 
the insulator would be necessary ; but Uiis correction fades into insignificance 
in comparison with the error introduced by the supposition that the resistance 
of the fault wiU remain constant during the two tests. Successive tests from 
the two stations, the distant end being insulated in each case, will also give 
two equations, by which, on the same supposition that the resistance of the 
fault remains constant, its position can be determined. Then caUing B and 
Rj the resistance in the two cases, we have — 



P_ L + (R-R,) 



(11) 



where D is the resistance of the conductor between the station which 
observed the resistance R and the fault. This test labours under the same 
defect as the previous one. When a return insulated wire can be substituted 
for the earth, so that the observer has both ends of a complete metallic circuit 
before him, the position of a fault such as is described, even of varying 
resistance, can be accurately determined by more than one method. Mr. 
Varley uses a diffential galvanometer, a well-known instrument, to ascertain 
when an equal current runs into both -ends of the metallic circuit and out at 
the fault. This will only be the case when the resistance between the galva- 
nometer and the fault is the same by both roads ; this condition is easily 
fulfilled by adding resistance-coils between one coil of the galvanometer and 
the defective wire. The resistance which must thus be added to bring the 
galvanometer to zero is obviously equal to twice the resistance of the metallic 
conductor between the fault and the distant station. Prof. Wheatstone's 
balance may be so arranged as to give another method, by making the con- 
nexions as in fig. 5, where the fault, supposed to be at o, forms, as it were, 
part of the galvanometer wire. In this case, as in the preceding, a variation 
in the resistance of the fault does not affect the result ; it will cause a greater 
or less deflection in the galvanometer until the desired balance is effected ; 
but it will not alter the relative resistances of the several parts of the main 
circuit required to reduce the deflection to zero. The test in fig. 6 is made 

Pig. 6. 




by adjusting the relative resistances of A and B untD. no deflection is 

A C 

obtained ; then the fault will be at a point such that _ -- _, where C and 

B D 

D represent the resistance of the conductor separating m from the fault and 

n from the fault. When the total resistance of the conductor is known, this 

will give the position of the fault very accurately. Mr. John Murray, of 

Glasgow, is said by Professor Thomson to have first applied this test on board 

the * Niagara ' during the first Atlantic expedition. Is was reinvented by the 
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lecturery and may be used to detect very small fiaiilts even on sbort lengths. 
It is now only necessary to describe one more plan of determining the position 
of a fanlt of this natore by a simultaneous test at both stations, or on board 
ship and on shore. This plan is Professor Thomson's, but it was also re- 
invented by the lecturer after seeing Mr. Smith's test, described in Lecture IV. 
This reinvention is not very remarkable, as the lecturer owes the chief part 
of his theoretical instruction in electrical science to Professor Thomson, and 
is familiar with his instruments and methods ; but as this is, he believes, the 
first publication of the plan, he thinks it well to state these circumstances. 
The connexions required are shown in fig. 6, where is a galvanometer ; 

Fig. 6, 
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S an electrometer at the same station ; S^ an electromet.er at a distant station, 
where the end of the submerged cable A B is insulated. The battery C Z is 
connected with the other end of the cable. Then let C= the current observed 
on the galvanometer, V the potential at the same station, F the potential at 
the distant station, Z= the length of the cable, K the resistance of the unit 
length of the conductor, n the resistance o f the unit length of insulator to 

conduction across the sheath, and let a / — = a. All these quantities may 

be known, and should be measured in the so-called absolute units or 
other equally coherent system. Let \ be the distance of the fault from 
the ship or galvanometer station, then : — 



'^ = i^*«-D' 



(12) 



where 



And 



' a 



a I 



' a 

Undoubtedly this test is not of so simple a nature that it could be executed 
by an ordinary clerk ; but it is interesting to know that a test does exist by 
which even a fault of this description, which has hitherto baffled electricians, 
can have its position fixed with mathematical certainty. This is the more 
important as the connexions shown in fig. 6 are precisely those which are, 
in the lecturer's opinion, the best adapted for tests during the submersion of 
a cable. The marine galvanometer G would give one test of insulation, the 
electrometer S a second one, the electrometer S^ a third test on shore. The 
shore would speak to the ship without causing a suspension of the insulation 
test either on S or Gr ; and even when the ship speaks to the shore the electro- 
meter S will maintain the insulation test, as it is not afiected, like the galva- 
nometer, by the rush of the current in and out of the cable as it is partly 
discharged or additionally charged by the withdrawal or addition of part of 
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the battery power. The electrometers have, on the same grounds, a saperi- 
oiity over the galvanometers in their behaviour, under the influence of earth 
currents or the rolling of the ship. But in favour of Mr. Willoughby Smith's 
plan it must be conceded that^ more operators can at present be found who 
are familiar with galvanometers than with electrometers ; so that clerical 
errors would not be so likely to occur with his plan as with that just described. 
The lecturer concluded by saying that he might have shown many pretty 
experiments with powerful magnets, long sparks, coloured tubes, &c., but he 
had been anxious to show experiments by which real work was done rather 
than the more amusing or striking features of electrical science ; and he 
begged to thank the audience for the kindness with which they had listened 
to his endeavours. 



Appendix III. — Explanation of WheaisUm^s Balance. 
Eig. 7 shows the connexion of this arrangement, in which the letters are 

Fig. 7. 




similarly arranged and have the same meaning as in fig. 1, Lecture lY. ; 
but a dotted line has been added surrounding the four conductors A, B, C, 
and D, and these have been joined to earth at n. Let us suppose the galva- 
nometer wires to be removed from I and n ; the ball K of the battery will 
produce a maximum tension at w, and this tension will gradually decrease 
round both conductors A B and C D to nothing at n, as woidd be shown by an 



Fig. 8. 
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electrometer such as is above described. Moreover this tension decreases 
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predBely in proportion to the decrease of resistanee between any giyen 

point and earth ; so that if the wires AB^ CD were straightened out as in 

fig. S, and the resistance represented by their length, the fall of tension along 

eaeh wire would be exactly represented by the height of the dotted straight 

line shown above each conductor, the maximum height being supposed to 

correspond to the full tension of the battery. The current in the two wires 

would of course be very different^ but halfway along each the tension would 

be equal to half the maximum ; at two thirds the distance, it would in each 

wire be two thirds of the maximum, and so on. Now if two points of the 

conductors, at equal potentials or tensions, are joined by a wire, no current 

win pass along that wire, for a current is always doe to a difference 

of tension acting like a head of water : the case is analogous to that of a 

pipe joining two reservoirs ; if the water in each be at the same level no 

current will flow through the pipe, no matter how deep the reservoirs may 

be ; so that if the galvanometer wires are applied to two points so chosen that 

A C 

^ss.-.^ the tensions at those points being equal, no current will pass 

through the galvanometer. But if the wires are applied as at i^ and ^, a 
current will pass through in the direction of the arrow ; and if the wires are 
applied as at z and w^ a current in an opposite direction will pass; so that by 
trial we may always ascertain the exact points at which the condition 

A O 

.^=^ is fulfilled. The dotted line round A B C D in fig. 7 corresponds to 
B D 

the dotted line in ^g. 8, and represents the gradual fall of tensions. When 

the galvanometer wires are applied as at y and a: or w and z, this dotted 

line should be slightly modified ; but the modification will not affect the truth 

of the above reasoning. 
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